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Abstract

Generalized symmetries often appear in the form of emergent symmetries
in low energy effective descriptions of quantum many-body systems. Non-
invertible symmetries are a particularly exotic class of generalized symmetries,
in that they are implemented by transformations that do not form a group.
Such symmetries appear generically in gapless states of quantum matter con-
straining the low-energy dynamics. To provide a UV-complete description of
such symmetries, it is useful to construct lattice models that respect these
symmetries exactly. In this paper, we discuss two families of one-dimensional
lattice Hamiltonians with finite on-site Hilbert spaces: one with (invertible)
S, symmetry and the other with non-invertible Rep(S;) symmetry. Our mod-
els are largely analytically tractable and demonstrate all possible spontaneous
symmetry breaking patterns of these symmetries. Moreover, we use numer-
ical techniques to study the nature of continuous phase transitions between
the different symmetry-breaking gapped phases associated with both sym-
metries. Both models have self-dual lines, where the models are enriched
by so-called intrinsically non-invertible symmetries generated by Kramers-
Wannier-like duality transformations. We provide explicit lattice operators
that generate these non-invertible self-duality symmetries. We show that the
enhanced symmetry at the self-dual lines is described by a 241d symmetry-
topological-order (SymTO) of type JK, X JK,. The condensable algebras of
the SymTO determine the allowed gapped and gapless states of the self-dual
Ss;-symmetric and Rep(S;)-symmetric models.
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1 Introduction

In quantum many-body physics, global internal symmetries are conventionally represented
by unitary (or anti-unitary) operators acting on all the degrees of freedom constituting the
system. The associated symmetry transformations can be composed following group-like
multiplication rules. Symmetries allow the decomposition of quantum states into sectors
that are dynamically decoupled, i.e., under time-evolution generated by the Hamiltonian,
states in a particular sector do not develop overlaps with those in other sectors. These
sectors are labeled by symmetry charges, which correspond to irreducible representations
of the symmetry group.

This conventional picture of symmetries has been generalized considerably in recent
years. Such “generalized symmetries” have been studied from various perspectives in the
mathematical physics, high energy physics, and condensed matter physics communities
for several decades. However, attempts at a unified understanding are more recent. One
class of generalized symmetries that is particularly exotic and will form the main focus of
this work are the so-called non-invertible symmetries, which were first studied in rational
conformal field theories in the form of topological defect lines [1,2].) The composition of
these symmetry transformations are, in general, not described by a group, but by a fusion
category (in the case that there are a finite number of them) [3].

Generalized symmetries may also be implemented by operators with support on higher
co-dimension manifolds in spacetime [4,5], instead of co-dimension 1 manifolds. These lead
to a different generalization, known as higher-form symmetries [6,7]. For finite symmetries
in d + 1-dimensional spacetime, invertible and non-invertible 0- and higher-form symme-
tries (also known as algebraic higher symmetries [8]), are understood to be unified in the
structure of a fusion d-category C [9]. Anomaly-free algebraic higher symmetries are clas-
sified by local fusion d-categories [8]. In this work, we will focus only on non-invertible
0-form symmetries in 1 4+ 1d so that the relevant mathematical structure is that of ordi-
nary fusion categories [10]. Symmetry operators in a fusion category C are labeled by the
objects a of C. All objects can be decomposed into a direct sum of finitely many simple
objects,? so our labels can be allowed to take values in the set of simple objects without
loss of generality. The composition of two symmetry operators W, and W,, labeled by
simple objects a and b, can be decomposed in terms of simple objects as

Wa Wb :ZNngcv (1'1)

where non-negative integers NS are known as fusion coefficients.

Non-invertible symmetries have found various applications in the context of continuum
QFTs — comprehensive lists of references can be found, for example, in Refs. [12,13]. Real-
izations of non-invertible symmetries in lattice models and associated phases of matter are
far less understood; however, see the discussion on related prior work in the next subsec-
tion. While the infrared (IR) limit of many-body quantum systems are often described by
effective QFT's, which can accommodate non-invertible symmetries, their naive lattice reg-
ularization may break emergent symmetries of the continuum theory (see, e.g., Ref. [14]).
In this spirit, it is desirable to construct spin chains that respect generalized symmetries,
putting them on the same footing as ordinary symmetries. To be precise, by “spin chains”
here we mean local Hamiltonians acting on a Hilbert space that is a tensor product of
finite-dimensional local Hilbert spaces.

'In this context, the word “defect” simply refers to the fact that these are extended operators in the
theory.
2This is because fusion categories are semi-simple [11].



In this paper, we explore the possible gapped or gapless phases and continuous phase
transitions realized in spin chains with non-invertible symmetries. In particular, we study
the example of the smallest anomaly-free non-invertible symmetry category: Rep(Ss).
Building up to that, in Sec. 2 we introduce a spin chain with S; symmetry constructed
out of qubit and qutrit degrees of freedom. In Sec. 3, we show how gauging either the entire
S, symmetry or its non-normal Z, subgroup delivers a spin chain with Rep(S;) symmetry.
By studying appropriate limits, we identify fixed-point ground states corresponding to
the four distinct Rep(S3) spontaneous symmetry breaking (SSB) patterns. We explore the
phase diagrams of both spin chains using tensor network algorithms to verify the analytical
predictions. Section 4 is a synthesis of the salient aspects of our results from the point
of view of the symmetry-topological-order (SymTO) framework. In Sec. 5, we discuss
connections of our results with more abstract approaches, propose order parameters that
detect SSB patterns in our models, and comment on an incommensurate gapless phase
that our numerical calculations reveal. We close with some comments on directions for
future exploration in Sec. 6.

Relation to prior work

The literature on non-invertible symmetries has a long history. Topological defect lines in
1+ 1d rational conformal field theories (CFTs) have been studied since the 1980s [1,2, 15—
18]. A general study of topological defects in topological quantum field theories (TQFTs)
was carried out in [19-21]; see Ref. [22] for a recent review. A study of invertible defects
of various dimensions in the context of general quantum field theories was carried out
in great detail in Refs. [6,23] under the name of higher-form symmetries. It is interest-
ing to note that, Refs. [4,5] earlier discussed lattice analogues of higher-form symmetry
transformations in the context of topologically ordered phases of quantum matter. Finite
non-invertible symmetries in 1 4+ 1d and their anomalies were systematically studied in
Refs. [10,24,25], and constraints on RG flows obtained in Ref. [3].

Parallel to these developments, (non-invertible) gravitational anomalies were classified
by topological orders in one higher dimension in Ref. [26].> An isomorphic holographic
decomposition of a quantum field theory was introduced in Ref. [27] to expose its hidden
gravitational anomaly. It was later realized that a subclass of non-invertible gravita-
tional anomalies are nothing but generalized symmetries [8,28-30]. The aforementioned
isomorphic holographic decomposition can be re-interpreted as a holographic theory of
generalized symmetry (see Fig. 9), which was described via the “sandwich” construction
in Ref. [9]. This holographic description of symmetries was also discovered in the context
of superstring theory [31]. In the holographic approach, symmetry data is stored in a
non-invertible field theory (or a topological order) in one higher dimension such that the
physical theory with generalized symmetries is realized as a boundary theory of the for-
mer. This idea has various names in different parts of the theoretical physics community:
symmetry-topological-order (SymTO) correspondence [8,27,30],* symmetry-topological-
field-theory (SymTFT) [31], topological symmetry [32], or topological holography [33-35].

The holographic approach has many applications. It leads to a classification of anomaly-
free generalized symmetries using local fusion higher categories C¥ that describe the fusion

3In this context, a gravitational anomaly is an obstruction to realizing a d-dimensional theory in a d
dimensional Hamiltonian lattice model on a tensor product Hilbert space. If such a theory is realizable on
the boundary of a non-invertible, or invertible, topological order defined on a tensor product Hilbert space
in d + 1 dimensions, the gravitational anomaly is referred to as non-invertible, or invertible, respectively.

48ymTO was referred to as “categorical symmetry” in some early papers [8,29,30]. In current literature,
categorical symmetry usually refers to non-invertible symmetry (referred to as algebraic higher symmetry
in Ref. [8]). See Appendix B for a brief review of SymTO.



of corresponding charged operators, which may be of arbitrary dimensionality [8,30]. There
is also an equivalent classification by local fusion higher categories C describing the fusion
of the symmetry defects, instead of the charged operators. This approach also provides a
classification of invertible anomalies® for generalized symmetries in any dimensions [8]. A
related discussion on the classification of gravitational anomalies and anomalies of group-
like symmetries can be found in Refs. [26,36]). Some anomalous non-invertible symmetries
were also studied in Refs. [37,38]. Generalized symmetries, anomalous or not, are classified
(up to holo-equivalence) by their SymTO in one higher dimension [8].

More importantly, the holographic approach allows the use of emergent generalized
symmetries to constrain compatible gapless liquid states. In Refs. [39-42], the concept of
topological Wick rotation was introduced to describe the canonical gapless liquids deter-
mined by a generalized symmetry, via the gapless boundary of the corresponding SymTO
that has no anyon condensation. Such canonical gapless liquids for a SymTO were stud-
ied in Refs. [29,43-45] using the holographic modular bootstrap. The condensable alge-
bras [46,47] of the SymTO classify the different allowed phases [44,48]. As long as the
condensable algebra is non-Lagrangian, the corresponding state must be gapless [8,44].
The Lagrangian condensable algebras, on the other hand, classify the gapped states al-
lowed by the SymTO. Such a classification includes SSB, symmetry-protected topological
(SPT), and symmetry-enriched topological (SET) phases [8,30]. Related discussions about
phases of 1+ 1d systems can also be found in Refs. [49,50].

It is worthwhile to note here that generalized symmetries can also be viewed from the
perspective of the algebra of a subset of all local operators. Given a set of symmetry
transformations, the subset of local operators invariant under these transformations forms
the algebra of local symmetric operators (also called a bond algebra [51,52]). One can
turn this idea on its head and consider subsets of local operators as (indirectly) defining
a generalized symmetry, provided the subset forms an algebra. Ref. [53] took this point
view and showed that isomorphic algebras of local symmetric operators correspond one-
to-one to topological orders in one higher dimension, by considering simple examples. The
commutant algebra of the subset of local operators contains operators that implement
(generalized) symmetry transformations [54, 55]. The structure of commutant algebras
is rich enough to include the above-mentioned non-invertible symmetries. Notably, this
structure is less rigid than that of fusion (higher) categories since the fusion coefficients
need not be non-negative integers. Making contact between the commutant algebraic
approach and the topological defect approach of generalized symmetries is an interesting
open question.

As an instance of generalized symmetries, higher-form symmetries have found various
applications in condensed matter physics; see Ref. [56] for a recent review. For instance,
it was found that even if microscopic lattice models do not have exact higher-form sym-
metries, they can appear as emergent [57], or even exact emergent [58,59], symmetries at
low energies. In many ways, higher-form symmetries behave just like ordinary symme-
tries: they can be spontaneously broken leading to degenerate ground states or Goldstone
bosons [5, 60], depending on whether the symmetry is discrete or continuous; they can
have ’t Hooft anomalies themselves, or have mixed ’t Hooft anomalies with crystalline
symmetries leading to Lieb-Schultz-Mattis (LSM)-type theorems [61]; they can lead to
new symmetry protected topological (SPT) phases [7,62]. A generic way to construct
models with higher-form symmetries in 2 4+ 1d and higher, is via gauging (some subgroup
of) an ordinary symmetry [29,63].

Non-invertible symmetries also have a natural place in the condensed matter set-

SInvertible (’t Hooft) anomalies are those for which the anomaly theory in one higher dimension is an
invertible topological field theory.



ting. For instance, Ref. [64] showed that these symmetries appear generically as emer-
gent symmetries in SSB phases of ordinary symmetries. Another generic way to realize
non-invertible symmetries is to start from a model with 0-form non-Abelian (finite) G
symmetry and gauge this symmetry. In the resulting gauge theory, in d 4+ 1 spacetime
dimensions, the Wilson loops obey the fusion rules dictated by the representations of G,
forming the layer of (d — 1)-morphisms of a fusion d-category, d-Rep(G). The fusion rules
of the Wilson loops are not group-like whenever G is non-Abelian. This strategy was used
to construct various lattice models with non-invertible symmetries [8,29,65,66]. Another
class of examples can be obtained through the so-called half-gauging scheme. Namely, if
gauging an invertible symmetry of a theory 7 produce an isomorphic dual symmetry, a
defect constructed by gauging this symmetry on one half of spacetime, the interface can
be thought of as a non-invertible self-duality defect [67-69]. Building on this, it is also
possible to construct new duality by half-gauging non-invertible symmetries [70,71]. On a
related note, statistical mechanical models with general fusion category symmetries were
proposed and studied in Refs. [72,73]. Recently, non-invertible self-duality symmetries in
Hamiltonian lattice models have also been obtained by gauging internal symmetries that
participate in a mixed anomaly with translation symmetry such as in the case of LSM
anomalies [74-76].

There has been an exciting flurry of recent work [8,30, 66, 76-83] exploring phases of
matter with fusion category symmetries. A generalized Landau paradigm [44,45,84], clas-
sifying both gapped and gapless phases in systems with general fusion category symmetries
in 14+1d has been formulated based on condensable algebras in the symmetry topological
order (SymTO) in one higher dimension. Our work contributes to this rapidly developing
literature by exploring simple examples in the spin chain context. The key results of this
paper are summarized below.

Summary of key results

(i) We show, through a microscopic calculation, that our spin chain (2.3) with S5 sym-
metry is dual to the Rep(S;)-symmetric spin chain (3.13) by gauging a Z, subgroup
of S5. As a consequence, phase diagrams of these spin chains can be mapped to each
other in a one-to-one manner.

(ii) We find gapped phases realizing all four SSB patterns of both S; and Rep(S;) sym-
metries which correspond to the four inequivalent module categories over the cor-
responding fusion categories [10]. We define order and disorder operators whose
non-vanishing expectation values can be used to distinguish different SSB patterns.
For the non-invertible Rep(S;) symmetry, the SSB is detected by string order pa-
rameters as opposed to the invertible S; symmetry.

(iii) We show that for special subspaces in the parameter space, our spin chains are
both invariant under an exact, intrinsic [85,86], non-invertible self-duality symmetry.
We provide the lattice operators that implement the respective self-duality symme-
try in the form of a sequential circuit.® In particular, for the Rep(S;)-symmetric
model (3.13), this circuit implements a self-duality symmetry associated with gaug-
ing Rep(S3) by the algebra object 1 @ 2.

(iv) For both spin chains, the four gapped phases meet at a multi-critical point that
is symmetric under the respective non-invertible self-duality symmetry. For each
multi-critical point, we identify three relevant perturbations, two of which break the

5Notably, Ref. [87] considered this class of sequential circuits as maps between distinct gapped phases.
See also Refs. [74,88] for closely related constructions.



non-invertible self-duality symmetry explicitly. In particular, for the S5 spin chain,
one of these relevant perturbations allows the realization of a (Landau-forbidden)
direct continuous transition between SSB phases preserving Z, and Z, subgroups.

(v) We find an extended gapless region in the parameter space which is consistent with
an incommensurate gapless phase. To better understand this gapless phase, we draw
an analogy with an exactly solvable spin-1/2 chain with exact Z, KW self-duality
symmetry. This spin chain, also supports a gapless incommensurate phase with cen-
tral charge ¢ = 1 and an anomalous chiral U(1) symmetry’ that emanates [89] from
lattice translation symmetry.® This gapless phase is separated from the neighboring
gapped phases by critical lines with dynamical critical exponent z > 1. We provide
arguments on why this feature may be valid for incommensurate phases more gen-
erally. We also discover a new type of continuous transition in the incommensurate
phase. The new continuous transition has the same number of gapless modes at and
away from the transition point.” In our example, there is only one U(1) current .Jr,
for left-movers at the transition point, while there are two U(1) currents Jy,, Jr for
for both left- and right-movers away from the transition point.

(vi) We identify the SymTO of our self-dual S5 and Rep(S5)-symmetric spin chains to be
the 2+1d JK, X JK 4 topological order. We also obtain possible phases and phase
transitions of the self-dual spin chains from the allowed boundary conditions of the
SymTO. In particular, we show that the self-dual spin chains do not allow gapped
non-degenerate ground states, consistent with the fact that the non-invertible self-
duality symmetries are anomalous.

Note added: While this manuscript was being completed, we became aware of po-
tentially overlapping work in Refs. [92,93]; we thank the authors for coordinating their
arXiv submission with us.

2 S;-symmetric spin chain

2.1 Definitions

We consider lattice A in one spatial dimension with |A| = L sites. We associate a tensor
product Hilbert space H with lattice A, where the each site i € A supports an on-site
Hilbert space H; that is 12-dimensional. We label the orthonormal basis vectors spanning
H,; by a Zy x Zy x ZLs-valued triplet (a;, b;, c;), i.e.,

H = ®iL:1Hi7 H; = span{|a;, b;, ¢;) | a; € Zy, b; € Ly, ¢; € L} (2.1)

On each local Hilbert space H,;, we define Z, (qubit) and Z; (qutrit) clock operators that
satisfy the algebras

Az A O inl ~ ~2\2 ~T\2 “
6767 = (~1)"87 o7, (67) = ()" =1, (2:22)
A= () i A, (7)) = ()" =1, (2.2b)

"In the low-energy CFT description, only the left-movers carry the U(1) charge while the right-movers
are described by two branches of Majorana fermion fields with different velocities.

8 Along the self-dual line, the Majorana representation of translation symmetry carries an LSM anomaly
since there are odd number of Majorana degrees of freedom per unit cell, see Refs. [74,90,91].

9The number of gapless mode can be measured experimentally, via the the thermal conductance of
short clean sample.



Figure 1: Schematic of the Hamiltonian (2.3) showing the couplings between
qutrit (depicted by a tripartitioned disk) and qubit (depicted by a bipartitioned
disk) degrees of freedom. Single-body terms J,, J, are suppressed.

~ ~ ~ A ~\ 3 ~\3 N
7,X;,=w%X, 2, (Z) - (X) =1, (2.2¢)

with w = exp{i27/3} such that the operators &7, 77, and Z are diagonal in the basis
(2.1), i.e.,

67 la,b,c) = (—=1)% |a,b,c), 77la,b,c)= (—1)bi la,b,c), Z la,b,c) = w"|a,b,c).
(2.2d)

We impose periodic boundary conditions on the Hilbert space H by identifying operators
at site ¢ with those at site ¢ + L

~ ~ ~ ~

Xi—l-L = Xi7 Zi—i—L = Zia é-’:L'E—Q—L = 6-1337 a-f—l-L = a-zza 7A_ix—l-L = Aix7 Aizil-L = 7A—z:z' (226)
Our starting point is the Hamiltonian
_ﬁs3 = _ﬁp + fII + I/_‘}PI? (233)
Hp=—Jy ) <Zi Zha+ 2] Zi—i—l) ~Jy ) (Xi + XJ) , (2.3b)
i=1 i=1
L L
Hy=—Jy Y (677 +77650) =i D (67 +77), (2.3¢)
i=1 =1
L R L R
Hpp = —J5 > 1%} (Zi zt, - 7] i+1> —Je Y i67 (Xi - XZT) ; (2.3d)
i=1 i=1
with six positive coupling constants J; > 0 for ¢ = 1,--- ,6. Hamiltonians fIP and I;TI

describe the quantum three-state Potts model on a chain of L sites and transverse-field
Ising model defined on 2L sites, respectively '’. The last Hamiltonian I;TPI then describes
the coupling between qubits and qutrits. A schematic description of the couplings in
Hamiltonian (2.3) is shown in Fig. 1.

Hamiltonian (2.3) is invariant under an S; symmetry generated by the unitary opera-
tors

L L
U, =1[X. U =]]er#C,, (2.4)
=1 =1

0The reason for choosing number of qubits to be twice that of qutrits will be clear in Sec. 2.3 when we
discuss the self-dual points in the phase diagram of Hamiltonian (2.3).



where C = Z =0 XO‘ PZ=v" and PZi=“" is the projector onto the subspace of Z = w®
The operator C’ implements the charge conjugation on the qutrits, i.e., it maps X = X, T

and Z =z Z!. On the local operators, the S; symmetry generators, U and U implement
the transformatlons

2 (2 3 3 3 K3

U, (%, 2, 67 o7 77 #7) Ul = (4R, w22, 467 467 37 +i7),
DA N R R (2.5)
U, (X. Z, of o7 TF %.Z) UJ = (JFXZ.T +ZZ.T +o7 —o07 +77 —%f> ,
respectively. Any operator that commutes with ﬁT and U . can be written as linear com-
binations of products of eight local operators. These are precisely those that appeared in
the Hamiltonian (2.3). Accordingly we define the bond algebra [51,52] of S;-symmetric
operators

By, = (677, 7 07, oF 75 (X + R]), (220 + 20 2
o (- X1), 7 (2211 - 2 Zin) | i € ). (2.6)

We identify the S; symmetry as the commutant algebra of 5 S, i.e., algebra of all operators
that commute with all elements of 25 S,

In Sections 2.2, 3.1, and 3.2, we are going to construct the dual bond algebras B o Ty
B S,/Z," and ‘B¢ /8,0 that are delivered by gauging the subgroups Z;, Z,, and S;, respec-
tively. As we shall see, the precise statement of the duality will then be expressed as
isomorphisms between appropriately defined “symmetric” subalgebras of these bond alge-
bras. Therein, for each dual bond algebra, we will identify the corresponding commutant
algebras, i.e., the corresponding dual symmetry structure.

2.2 Gauging Z; subgroup: non-invertible self-duality symmetry

Gauging the Zg subgroup is achieved in two steps. First, on the each link between sites i

and ¢ + 1, we introduce Zg clock operators {Z, i+1/2) i+1/2} that satisfy the algebra

3 3
N . Y PN N N {4 s

Zit1/2T41/2 = W 412 Zi1 /20 <Zi+1/2) - (mi“/?) =1 (2.7a)
Zit1/24L = Zi+1/20 Yit1/24L = Tit1/25

where we imposed periodic boundary conditions. This enlarges the dimension of the
Hilbert space (2.1) by a factor of 3%. Second, we define the Gauss operators on every site

=~ ~Z,13 -
Gr= 2y Kt |GF] =1 (2.7b)
Hereby, the link operators 2, +1/2 and Z; o take the roles of Zs-valued electric field and

Zs-valued gauge field, respectively. The physical Hilbert space consists of those states for

which the Gauss constraint @‘ZZ?’ = 1 is satisfied. Imposing each of one of the L Gauss
constraints reduces the dimension of the extended Hilbert space by a factor of 1/3. The S,-
symmetric algebra (2.6) is not invariant under local gauge transformations. By minimally
coupling it to the gauge field &, +1/90 We define the gauge invariant extended algebra

B, /7, = <&f T O O T (X +XT> (Z Ly 4 Z+ 2] xj+1/2 H—l)

67 (Xi - XJ) ) T <Z Lit1/2 ZT - ZiT 55;[+1/2 Zi-i—l) ’ GiS =1, ¢ A>'
(2.8)



It is convenient to do a basis transformation to impose the Gauss constraint explicitly. To
this end, we apply a unitary operator U which implements the transformation

Uer Ut =67, Ui U =67,

U Ut =17, U# Ut =47,

UX, 0 =%_1,%, 2j+1/2> UZzU" =2, (2.9)
Ui i+1/2 Ut = Z z; i+1/2 Az+1v U5i+1/2 Ut = Zit1/2

In particular, this unitary simplifies the Gauss operator to U @?3 Ut = )?1 After the
unitary transformation, we project down to the )/(\'2 = 1 subspace and relabel the link
degrees of freedom by i + 1/2 — i + 1 for notational simplicity. This delivers the dual
bond algebra

3773 X,=1
- e eyt Va4l Yio feo 1 “i41 7 “1+1) > % i)
sz (5 5T sTs 2z (A o f ,
o; (zz Zi — % zi+1) ) T (l’i_H - l‘i+1) ‘ i€ A>. (2.10)

We note that the dual bond algebra contains the same type of terms as algebra (2.6) and,
hence, is the algebra of Sy-symmetric operators.!’ The generators of dual Sy symmetry
are represented by the unitary operators '

L L 2

_ 2 TV o AT AT A P E ~a Dz=w®

— Hxi, US = HUZ T; Cis C; = Z; P*i . (211)
=1 =1 a=0

We note that the duality as we described does not hold between entirety of algebras
B S, and ‘B S,/Z," On the one hand, because we imposed periodic boundary conditions

on the operators {Z;, Z;}, the product of all Gauss operators is equal to the generator of
global Z; transformations, i.e.,

L
[[¢7=0,=1 (2.12a)
=1

On the other hand, since we imposed periodic boundary conditions on the operators
{)?i, 21}7 the image of the product HiL:1 Z 2i+1’ which is the dual Zy symmetry gener-

ator, must be equal to identity, i.e.,

L

H =0y =1 (2.12b)

=1

'We use the superscript V to differentiate the dual Sy symmetry of the dual algebra (2.10) from the
S3 symmetry of the algebra (2.6).
12The dual symmetry U is obtained from the operator U by demanding the covariance of the Gauss

operator Gl , i.€., demanding
UmcG ( n)c)T _ (623>T7

where U ¢ is an operator acting on the extended Hilbert space and contains both site and link degrees
of freedom. The dual symmetry U, is then obtained by applying the unitary transformation (2.9) and
projecting to the X; = 1 subspace.

10



Therefore, the duality holds when both conditions (2.12a) and (2.12b). In other words,
the isomorphism

Bsalg 1 = Psy/za|gy_y (2.12¢)
holds.'?
Using the mapping between the two operator algebras 8 S, and ‘B S,/2, Ve obtain the
Hamiltonian
L L
Hgyy =—J, Z <./1‘\Z+£L‘Z> —Jy Z (zzzi+1+§i /z\iﬂ)
=1 i=1
L L
—J3 Z (67 77+ 77 67) —a Z@f"’ﬁc)
=1 i=1
L
—Jy S (T — ) = Je D67 (2E - E B (2.13)
i=1 i=1

This Hamiltonian is unitarily equivalent to the Hamiltonian (2.3) under exchanging the
couplings J; and J,, and the couplings J; and Jg. The unitary transformation connect-
ing the two Hamiltonians is a half-translation of the qubits implemented by the unitary
operator

(57 7 ot op) U, = (on orn 7 7). (2.14)
This equivalence between the Hamiltonian (2.3) and (2.13) is the Z; Kramers-Wannier
(KW) duality due to gauging the Zs subgroup of the S; symmetry group. When J; =
Jy and J; = Jg, both Hamiltonians (2.3) and (2.13) become self-dual under the KW
duality. In this submanifold of parameter space, the KW duality becomes a genuine non-

invertible symmetry of the Hamiltonian. Without loss of generality, we focus on the dual
Hamiltonian (2.3). The full KW duality operator'* takes the form [74,87, 88]

N P S AN S ot
Dy = bz, PP W (8] CZy,) (91CZ35) -+ (S],CZ01), (2.15a)

where (i) the unitary operator sz is the half-translation operator defined in Eq. (2.14)
that is necessary to preserve the form of the Hamiltonian (2.3), (ii) the operator

pU,.=1 1 2 va
pPUr=l .= gZHXm (2.15b)

a=01i=1

is the projector to the ﬁr = 1 subspace, (iii) the unitary operator

2
a=0

13We could have also gauged the Z; symmetry of the bond algebra (2.6) in the presence of a Zs twist.
However, such twisted boundary conditions lead to a reduced Zs; symmetry due to the fact that Z, elements
of S3 act nontrivially the Zs twist. Here, we keep the periodic boundary conditions on both sides of the
gauging duality to ensure both bond algebras %5 S, and B Sy /Z, have full S5 and S5 symmetries, respectively.

We should note that a closely-related duality defect operator was also formulated in terms of a
Temperley-Lieb algebra in Ref. [94].
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. . Szl 7 _ 5t 5 ..
that contains the projector P%14.=%" to the ZI Z; = w® subspace and acts nontrivially

only on operators X 1 and X 1» and finally (iv) the unitary operators 53 and 6‘?1 41, are
Hadamard and control Z operators with their only nontrivial actions being

~ ~ ~ St o
st (Xile _ (% ozl (Kim) gz (%4 Xin 2.15d
51 (ZZ) ‘67, (Xj) 9 i+1,3 _XZ i+1,% ){'Z ZJ_,’_I : ( ! )

As written in Eq. (2.15a), the KW duality operator can be thought as a sequential cir-
cuit [87] of control Z and Hadamard operators that are applied sequentially from site L
down to site 1.

The KW duality operator (2.15a) is non-invertible since it contains the projector
PU-=1 It becomes unitary in the subspace (/jr = 1, where the self-duality holds. Its
action on the local operators can be read from the identities

~

Dyw X; = Z; ZiT-i—l Dy Dyw Z; ZZT+1 = Xit1 Dxws (2.16)
Diw (53” f}f) = (ff ff) Dyw,  Dxw (ﬁx ff) = (@-ﬂl &fﬂ) Diw.

In the parameter space where self-duality holds, the symmetry algebra is appended to

Dygw U, = U, Dxw = Dgw (2.17)
Dlow = T' Dy, (2.18)
Diw = PU=1IT, (2.19)

where T is the operator that implements translation by one lattice site for both qubits
and qutrits. Hence, action of the operator EKW can be thought of as a half-translation
operator in the subspace ﬁr = 1. We note that the operator ’EZQ in Eq. (2.14) implements
this half-translation only for qubits. This operator exists owing to the fact that each
unit cell contains two flavors of qubits for a single flavor of qutrit. Had we defined a 6
dimensional local Hilbert space which supports single flavor of Z,- and Zs-clock operators,
KW self-duality would only hold when the couplings J5 and Jg are zero, i.e., when qubits
and qutrits are decoupled.

The symmetry algebra above includes eqn. (2.17) as a lattice analogue of the fusion
rules of the Z; Tambara-Yamagami fusion category symmetry. In the continuum limit,
we expect that the Z; symmetry generator (77, flows to a Zs3 topological line £, while both
ﬁﬁ}{w and its Hermitian conjugate flow to the continuum duality topological line D.
They satisfy the fusion rules

ED=D¢=D, D=1+6+¢%, ¢4=1, (2.20)

where the operator that implements single lattice site translation becomes an internal
symmetry in the continuum limit. This interpretation follows the approach presented in
Ref. [74].

12



Potts CFT

Ising
CFT

Multi-criticality

S3 symmetric

GSD=1

A

Figure 2: Phase diagram of Hamiltonian (2.21) based on analytical arguments
for 6 ~ 0. The ground state degeneracy (GSD) for each of the SSB phases are
labeled. The vertical and horizontal critical lines correspond to the Potts (6,5)
and Ising (4,3) minimal model CFTs, respectively. They intersect at a multi-
critical point belonging to the 3-state Potts X Ising universality class.

2.3 Phase diagram

To discuss the phase diagram of the Hamiltonian (2.3), we first reparameterize it as

~

L L
Hg, =—Jjcosf Z <Z Zr_H + Z\j 2i+1> — J;sinf Ziff (Z ZJH — 2: ZH)
i=1 =1

L L
—J2cos92()?i+)?j)—,]2sin9 Y 67 ()?i—)?D (2.21)
=1 =1
L L
—J3 Z(&fﬁ‘z"‘%f&fﬂ) —Jy Z(@p"‘ﬁ'x) :
i=1 i=1

In what follows, we will explore the phase diagram of this Hamiltonian as a function of
dimensionless ratios J;/J, and J;3/J,, for the cases of § = 0, non-zero but small § ~ 0,
and large 6 ~ 0.7.

2.3.1 Analytical arguments

When 6 = 0, the Hamiltonian (2.21) describes decoupled quantum Ising and 3-state Potts
chains, for which the phase diagram is known. There are four gapped phases which
correspond to four different symmetry breaking patterns for S;. At four fixed-points, we
can write the wave-functions exactly:

(i) When J; = J; = 0, there is only a single ground state
L
GSg,) = Qlof =1, 77 =1, X; = 1), (2.22)
i=1

which describes the S;-disordered phase.

(ii) When J; = J, = 0, there are two degenerate ground states

L
Ty z _ z _ _
GS7) = (}_Zl) lof = £1, 77 = +1, X; = 1), (2.23)
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that describe the phase where qubits are ordered and S; symmetry is broken down
to Zs.

(iii) When J, = J; = 0, there are three degenerate ground states
L
GS5,) = lof = +1, 7 = +1, Z; =), (2.24)
i=1

with a = 0, 1, 2, that describe the phase where qutrits are ordered. One each ground
state, S5 symmetry is broken down to a Z, subgroup.

(iv) When J, = J, = 0, there are six degenerate ground states

L
\GSZ“> = Q) lof =1, 77 = %1, Z; = w"), (2.25)

i=1
with a =0, 1,2 that describe the S; ordered phase.

See Sec. 5.2 for the discussion of expectation values of the correlation functions and disorder
operators in these ground states.

The lines J;/Jy = 1 and Jy/J, = 1 correspond to the transition points between the
gapped phases 1 and 2, and 3 and 4, respectively. They are described by the 3-state Potts
CFT and the Ising CFT, respectively. The 3-state Potts CFT is one of the (6,5) minimal
models with ¢ = 4/5, while the Ising CFT is the (4,3) minimal model wth ¢ = 1/2. At
Jy/Jy =1 and Jg/J, = 1, there is a multicritical point described by the stacking of the
two CFTs, with total central charge ¢ = 13/10.

If we turn on small 0 # 0, the gapped phases are expected to remain unaffected by the
virtue of finiteness of the gap (in the thermodynamic limit). However, one may wonder
what the fate of the critical lines and the multicritical point is under these perturbations.
To understand what happens to the critical lines, we first argue that three out of the
four critical lines are stable against small nonzero 6 as follows. Along the line J5/J, =1,
when J, < Jj, qutrits are ordered and gapped. This means that both )21 — )A(j and

ZL- ZT i Z;r Z;,q vanish in the low-energy states below the qutrit excitation gap. The
same line of thought holds when J; < J, for which qutrits are disordered and gapped.
Similarly, along the line J;/J, = 1, when J5 < J,, qubits are disordered and gapped. Both
67 and 77 vanish in the low-energy states below the qubit excitation gap.

The situation is different when J,/J, =1 and J, < J; for which quibts order, i.e., the
terms with sin @ coefficient are not trivially vanishing. On this line (excluding the mul-
ticritical point), the terms with sin coefficient must flow to a primary or descendant
operator O in 3-state Potts CFT that is odd under the charge conjugation symmetry.
Using holographic modular bootstrap techniques [28,44], we identify that (see Appendix
E.1) only possible relevant operators are those primaries with scaling dimension A, = 9/5
and conformal spin +1. Indeed, in Ref. [95], the terms with coefficients sin € in Hamil-
tonian (2.21) are identified with these primary operators. Even though these primaries
are relevant, we expect that as long as the KW self-duality symmetry is preserved one
cannot open a KW-symmetric gap owing to the fact that this non-invertible symmetry is
anomalous. This is consistent with the results in Ref. [96] where it was shown that (see
Fig. 2.(f) therein) the critical line with J,/J, = 1 and J; < Jj is stable for small § and
an incommensurate phase opens up for 8 larger than a critical value. We confirm this
numerically for our model as we shall see in the next section. In summary, we conclude
that the phase diagram at perturbatively small § has the same form as that for § = 0. The
phase diagram at # = 0 plane is shown in Fig. 2. We verify our predictions for non-zero
and small 8 numerically in Fig. 3.
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Figure 3: Numerical phase diagram obtained from the TEFR algorithm showing
GSD (a) and central charge (b) as a function of J; and J3. The effective system
size for these plots is L = 128. Figs. (c¢) and (d) show the central charges com-
puted from bipartite entanglement entropy scaling in the ground state obtained
from DMRG, as discussed in the main text. We plot the central charges along a
vertical (J; = 0.5) and a horizontal (J3 = 0.5) slice of the phase diagram shown
in Fig. (b), for a chain of L = 100 sites. We fix § = 0.1, with J, = 1 — J;,
J4 =1 — Js in all of these plots.

2.3.2 Numerical results

We mapped out the phase diagram of Hamiltonian (2.21) numerically, using the tensor
entanglement filtering renormalization (TEFR) algorithm [97,98]. The ground state de-
generacies of each gapped phase and the central charges associated with continuous phase
transitions were obtained using this algorithm. The results are shown in Fig. 3 as a func-
tion of J; and J; with # = 0.1. We chose a 2d slice in the full parameter space such that
at every point of the phase diagram shown here, J, =1 —J; and Jy =1 — J;.

The TEFR algorithm does not give numerically precise values of central charge even
though it is extremely precise at extracting ground state degeneracy.'® In order to extract
numerically precise central charges, we used the density matrix renormalization group
(DMRG) algorithm from the iTensor library [99,100]. On the phase diagram shown in

15The interested reader is referred to Appendix D for more details on this point.
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Figure 4: Numerical phase diagram obtained from the TEFR algorithm with
fixed 0 = 0.7 ~ 27, showing GSD (Fig. (a)), and central charge (Fig. (b)) as a
function of J; and J3, setting J, = 1 — J; and Jy = 1 — J3 everywhere. The
nominal GSD in this gapless region is much larger than that shown in Fig. (a);
we have capped the maximum allowed values to 10 so that these plots may be
easily compared with the ones in Fig. 3. In these figures, the effective system size
is L = 128. Fig. (c) shows the absolute value of the Fourier transform of ground
state expectation value (67) for J; = 0.5 and J; = 0.52 with fixed J3 = 0.5 and

L = 101 sites.

Fig. 3, we make two cuts, one horizontal and one vertical, and compute the central charges
using finite size bipartite entanglement entropy scaling that is computed using DMRG
calculation. Our results for finite chain of L = 100 sites are shown in Figs. 3¢ and 3d.

We find that the both ¢ = 1/2 and ¢ = 4/5 lines are stable against small values of 6, in
agreement with our argument in the previous section. For large values of 6, a gapless region
opens up in the Ising ordered regime, surrounding the Z; KW symmetric line J; = J, in
the parameter space of the Hamiltonian (2.21). From numerical estimation, we find the
critical value of 6 to be around ¢, ~ T. Heuristically, the gapless region appears first in
the Z, ordered phase as the terms in Hamiltonian (3.25) with sin 6 are proportional to &7
and 77 operators which have vanishing expectation values when the Z, subgroup of Sy is
unbroken. The multicritical point is engulfed by the gapless region beyond a certain value
of 0 € (1/8,2m1/9). Several comments are due:

16



(i) Since the Zs; KW duality symmetry is anomalous, the only compatible phase without
symmetry breaking is gapless [10]. This is compatible with the gapless region we
numerically observe. Also, because of the KW duality, the gapless phase must be
symmetrically placed about the J; = 0.5 = J, line of the phase diagram, consistent
with the numerically obtained phase diagram in Fig. 4.

(ii) Extraction of the central charge in the gapless region is somewhat subtle. The
phase diagram obtained from TEFR (Fig. 4b) shows fluctuations in ¢ throughout the
gapless region. From DMRG calculations, we find that the ground state expectation
value (67) shows oscillatory behavior around its mean value. In Fig. 4c, we plot
the absolute value of Fourier transform of this expectation value (minus its mean)

for two points in the gapless region of the parameter space for L = 101 sites. We

find that the position of the peak value changes for J; = 0.50 and J; = 0.52 for
fixed J3 = 0.5, with corresponding periods being 63/11 and 63/12 lattice constants,
respectively. This suggests a smooth variation of the oscillation period as a function
of J; and J;3 in the thermodynamic limit. We conjecture that in this gapless region,
the system realizes a incommensurate phase with central charge ¢ = 1. In other
words, the ground state contains low-energy states at a non-zero quasi-momentum
which smoothly varies as a function of the couplings J; and J;. This echoes the
behavior of the self-dual deformed Ising model, which is exactly solvable, discussed
in Sec. 5.3.

(iii) Results from the TEFR algorithm also show that the interface between the gapless
region and the neighboring gapped phases has a vanishing central charge. Since the
transition from a gapless phase to a gapped one is expected to not be a first-order
transition, we conjecture that this must correspond to a continuous transition with
a dynamical critical exponent z > 1.

2.3.3 Explicitly breaking KW self-duality symmetry

Hamiltonian (2.21) consists of terms such that the lines J; = J, is symmetric under
the Z; KW self-duality symmetry generated by the operator (2.15). As explained in the
previous section, the multicritical point, J; = J, and J; = J,, is described by 3-state
Potts X Ising CFT with central charge ¢ = 13/10. This multicritical point has three
relevant perturbations, see Appendix E.2. Two of these are generated when J; — J, # 0
and J; — J, # 0, which gap out the qutrits and qubits, respectively. In the continuum
description, these perturbations correspond to the “energy” primaries ¢ and ep of the
Ising and 3-state Potts CFTs, respectively. The former is self-dual under the Z; KW
duality and gaps out the qubits. In contrast, the latter breaks KW duality symmetry
explicitly and gaps out the qutrits.

The third and final relevant perturbation is given by the product of two energy pri-
maries €; ep which is odd under the Zg self-duality symmetry. In the lattice model, this
perturbation is generated by

L
g o=-7 3 {(%f 5701 — 671 (2 Zh, + H.c.) — (3767 — #7) ()? + Hc)} . (2.26)
i=1

which is odd under the Z; KW duality symmetry (2.15).

From the TEFR algorithm, we find that adding this term has the effect of replacing
the multicritical point by a critical line which separates the S; symmetric and the Ss
completely broken phases for positive J, and by a critical line which separates the Z;
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Figure 5: Numerical phase diagram from TEFR algorithm, with fixed J, and
6 = 0, showing GSD (left) and central charge(right) as heatmaps, in the J, J;
plane (with J, = 1 — J; and Jy = 1 — J; everywhere). The effective system
size is L = 128. (a) For positive J, , we find the multicritical point widens into
a critical line between the S3 symmetric and S3 SSB phases. (b) For negative
J1, we find the multicritical point widens into a critical line between the phases
which spontaneously break S3 down to Zgz and Zo, instead.

symmetric and Z, symmetric phases for negative J,. This is shown in the GSD and
central charge plots obtained from the TEFR algorithm in Fig. 5.

While it is rather hard to precisely determine the points on the critical lines, we know
that the point with J; = J, = 0.5 and J; = J; = 0.5 must be critical. This is because
when 6 = 0 the Hamiltonian (2.3) has an additional non-invertible Z, KW self-duality
symmetry along the J 3 = J, line. In the continuum limit, the perturbation (2.26) flows to
€1€p, i.¢e., product of energy primaries, which is odd under both Z, and Z; KW self-duality
symmetries.'® Under both of these dualities, the point with J; = J, and J; = J, = 0.5
is invariant, and hence must be gapless in both phase diagrams with J, >0 and J;, <0.
At this point the DMRG results suggest a central charge of ¢ &= 1.2 which we believe to
hold for the entire the critical line; a precise characterization of this transition in terms of
an associated conformal field theory is beyond the scope of the present paper.

We note that the continuous phase transition which separates the Z; symmetric and
Z, symmetric phases for J, < 0 is a beyond Landau-Ginzburg (LG) transition as it is
between phases that break different subgroups of the full symmetry group. Under the

16 At the lattice level, the perturbation (2.26) is exactly odd only under the Z; KW self-duality operator
(2.15). While it explicitly breaks the Z, KW self-duality symmetry too, it does not go to minus itself
under Z, KW self-duality transformation.
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Zz KW-duality symmetry, i.e., when J, becomes positive, this beyond-LG transition is
mapped to the ordinary LG-type transition between the S; symmetric and the S; SSB
phases.

3 Rep(S;)-symmetric spin chain

In Sec. 2, we studied a spin chain with S5 symmetry. We discussed how this S is enriched
by non-invertible Z,; Kramers-Wannier self-duality symmetry, at special points in the
parameter space. Therein, the presence of KW duality symmetry ensures that the ground
is either gapless or degenerate.!” 1In this section, we are going to show that our S;-
symmetric spin chain is dual to another model which has non-invertible symmetries in its
entire parameter space. As we shall see in Sec. 3.1, this duality follows from gauging a
Zy subgroup of Ss, which delivers a dual model with Rep(S;) fusion category symmetry.
We discuss the gapped phases and phase transitions of this Rep(S;)-symmetric model in
Sec. 3.3. As it was the case for Hamiltonian (2.3), we will see in Sec. 3.2, its dual with
Rep(S;) symmetry also has an additional non-invertible symmetry at special points in the
parameter space. We are going to describe how this additional symmetry is also associated
with a gauging procedure which can be implemented through a sequential circuit.

3.1 Gauging Z, subgroup: dual Rep(S;) symmetry

We shall gauge the Z, subgroup of S;. We follow the same prescription as in Sec. 2.2. As
we shall see, as opposed to gauging Zs subgroup, the dual symmetry will be the category
Rep(S;), owing to the fact that Z, is not a normal subgroup of S.

In order to gauge the Z, symmetry, on each link between sites ¢ and i+ 1, we introduce

Z4 clock operators { i /2 i /2} that satisfy the algebra

~ ~ 5.~ ~
[ 4172 15410 = (=1)%9 1511 9 1711 /25

) = (i) =1 3.1
</%‘+1/2> = (Ni+1/2> =1, (3.1)
ﬁ‘f+1/2+L = ﬂf+1/27 ﬂf+1/2+L = ﬂfﬂ/z’

where we have imposed periodic boundary conditions. Accordingly, we define the Gauss
operator

G5 = 2, 677 O, 2 ¢G>’ =1 3.2

i T Hi—17200 Ti Ciliyy/9 j =4 (3.2)

(]

The physical states are those in the subspace @Z.Z? =1forall¢=1,---,L By way of
minimally coupling the bond algebra (2.6), we obtain the gauge invariant bond algebra '®
mc Az sz ~z A ~z AT AT % v i Aﬂ?+1/2 Al A—ﬂf+1/2 7
S/Z, = <Ui Tis Ti Pig1/2 05415 O35 T4 (Xi + Xi) ; (Zi Zig+2; Zi+1> ;

o7 (R K1), # it (270 2y~ 200 2,) | G =1, ien). @9

? K2

1"This is because this non-invertible symmetry is anomalous [10,38,101].
18Here, we introduce the short-hand notations

’\F?+1/2 — 1+ ﬂf+1/2 z 1- /lf+1/2

7 — . : . Z\*ﬂfﬂ/z _ L — iy 170 7 4 L+ 15419 Zt

Z1 . .
(R K3 2 7 2 K3
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As it was in Sec. 2.2, we can simplify the Gauss constraint by applying the unitary trans-
formation

ﬁ5fﬁT:ﬂf—1/2 o7 zxa +1/2» ﬁ&fﬁT:&f»

Ut =7, U U =157, (3.4)
0%,0 = %7, 02,01 - 27,

Uﬂzﬂ/zU =0 N+1/2 Ti1 15 U fii1/2 Ut = Fit1/2

Under this unitary the Gauss operator simplifies U éiZQ Ut = 6. We apply this unitary
to the minimally coupled algebra (3.3) and project onto the 67 = 1 sector. After shifting
the link degrees of freedom by i + 1/2 + i + 1, we obtain the dual algebra

sBss/z2 =
_[2z sz @ Nz AT 6 o~ A X )?T zﬂﬁrl Z\T Z\iﬂi‘rl Z\
=\Ti> :U’z—l—h Mg Ty G i1, Ty % + i) I3 i+1 + i i+1 )
(%= XD, w2 e (20 2, - 27 Z,) ‘ i€h). (3.5)

What is the symmetry described by the dual algebra (3.5)7 We claim that 8 S,/

is the algebra of Rep(S;)-symmetric operators. The fusion category Rep(S;) consists of
three simple objects, 1, 1/, and 2, which are labeled by the three irreducible representations
(irreps) of S5. The obJect 1 is represented by the unitary identity operator I/V1 = 1, while
the object 1’ is represented by the unitary operator

L
W= a7, (3.6)
=1

which is the generator of Z, dual symmetry associated with gauging the Z, subgroup of
S3. Consistency in gauging with imposing periodic boundary conditions on the operator
{iF, o7} and the operators {67, 67} requires the conditions

U,=1, Wy =1, (3.7a)
to be satisfied, respectively. In other words, the duality holds between the subalgebras

By = Bsmly (3.7h)

s

where conditions in Eq. (3.7a) are satisfied.

Finally, we notice that gauging Z, subgroup breaks the Z; symmetry, since the former
is not a normal subgroup. Under conjugation by /U\'T, the Gauss operator (3.2) transforms
nontrivially

(3.8)

Therefore, ﬁr cannot be made gauge invariant by coupling to the gauge fields i /2°
However, the non-unitary and non-invertible operator

L L
Uy =0, + U} = [[ X + [[ X] (3.9)
=1 =1

commutes with all the generators of the algebra (2.6) and the global symmetry operator
U, when periodic boundary conditions for all operators in the algebra (2.6). This is the
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Figure 6: Schematic of the Hamiltonian (3.13) showing the couplings between
qutrit (depicted by a tripartitioned disk) and qubit (depicted by a bipartitioned
disk) degrees of freedom. Single-body terms .J,, J; are suppressed.

representation of direct sum r @ r2 of simple objects  and 72 in the symmetry category
Vecg,. Since it commutes with U Ur .2 can be made gauge invariant. Minimally coupling

the operator (3.9), and applying the unitary transformation (3.4) delivers the operator

1 L

||A3?

2<1+' 1 1)
1=

This is the representation of simple object 2 in the category Rep(Ss). It can be expressed

(3.10)

1

L i AT _
H)’(tinkzz i + X

[T i ]

as a matrix product operator (MPO) with a 2-dimensional virtual index, as follows 2’
W () =) _ [ XgPlheT X pRas
Wy =Tr |0a, YO 41 H MOtJO(]+1 , MY = )?j phfa=-1 X\_]J[ p o=l (3.11)
Together with /I/I71 and Wl,, they satisfy the fusion rules of Rep(S;), i.e
/Wll ﬁ/\ll — WI’ Wl’ W2 — W2, WZ W2 — ﬁ/\l + WI/ + ﬁ/\2. (312)

We note that because of the projector, W2 is non-invertible. This projector to the
Hle i1 = 1 subspace ensures that there is no Z, twist in the S;-symmetric algebra
(2.6). This is needed as ﬁr@rg is not a symmetry of the algebra (2.6) when Z,-twisted
boundary conditions are imposed.?’ In other words, in the presence of a Z, twist, one
expect the dual symmetry to be Z, generated by W\l, instead of the full Rep(S;).

We now use the duality mapping between the local operator algebras ‘B s, and ‘B S, /7,
(recall Egs. (2.6) and (3.5)) to construct a local Hamiltonian with Rep(S;) symmetry.
Under this map, the image of Hamiltonian (2.3) is

L L
fi? S0, -~
HRep( S3) == Z(Z o Z1T+1+Zi i Zi+1> —Jy Z(XH—XZ.T)
i=1 i=1
L

L
= Jy S (5 A i) — T Y (R FE G +77) (3.13)
=1 =1

L
~Z NI Nz Afﬂzz = . E S
—J5 Zszﬂerl ( i ZJ+1 -z, " Zz+1) Jg Zl (Xi —XD :
=1

Y9Each of the two terms in square brackets individually commutes with the Gauss operators associated
with Gauss operators @?" through @?2, while @?2 simply exchanges them so that the sum is still gauge
invariant.

20See Appendix F for construction of Rep(G) operators in terms of MPOs that results from gauging a
finite G symmetry.

21A g € G twist reduces the full symmetry G to the centralizer C(g) of g. Since S is non-Abelian,
imposing Zs- and Zs-twisted boundary conditions, reduce S3 down to Zs and Z,, respectively.
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In what follows, we are going to study the phase diagram of this Hamiltonian and identify
spontaneous symmetry breaking patterns for Rep(S;) symmetry as well as the transitions
between various ordered phases. Before doing so, we will briefly digress to discuss a duality
that delivers a dual Rep(Sy) symmetric bond algebra.??

3.2 Another non-invertible self-duality symmetry

As we discussed in Sec. 2.2, Ss-symmetric Hamiltonian (2.3) enjoys a self-duality when
J, = Jy and Jy = Jg, which is induced by gauging the Z; subgroup. We hence expect the
same self-duality to hold for Rep(S;)-symmetric Hamiltonian (3.13) too. To understand
the self-duality of Hamiltonian (3.13), we will show that gauging the entire S; symmetry
delivers another bond algebra with Rep(Sy) symmetry. This can be achieved by first
gauging Z, and then ZJ symmetry of dual Sy symmetry. Starting from the bond algebra
(2.10) and gauging the Zy symmetry generated by ﬁ;/ defined in Eq. (2.11), we find the
bond algebra

z

Az oA Nz AT oA A N NN RN . .
%53/53 = < o T B [ T8 i T (Zi o T 1+ +1Z+1> (%“FJU;[)’
A NI ey AN az A A A .
Mf-s-l <Zz i ;r+1 - % i Zz'—i—l) Ty M;‘r+1 <5Uz'+1 - x;[+1> ‘ (S A>, (3.14)
that is dual to the algebra (2.10) under gauging the Z§ symmetry. We notice that this

algebra has the same terms as algebra (3.5). Therefore, its commutant algebra is that of
the category Rep(Sy). The simple objects in Rep(Sy) are represented by the operators

Wy = HM, Wy == (1+H >

To find in which subalgebra the duality holds, we combine Eqs. (2.12) and (3.7) that
describe the consistency conditions imposed by gauging Z; and Z, subgroups, respec-
tively. We find that the duality induced by gauging the entire group S5 holds between the
subalgebras

H Hlima A +@;H’“‘2“’“] . (3.15)

Bg, |- -~ =B el (3.16)

U,=0,=1 WY =1, Wy =2

This consistency condition says that the duality maps the S;-singlet subalgebra of B s,
to the subalgebra of B¢ /5, where the representation of each simple object is equal to

its quantum dimension. The image of Hamiltonian (2.3) under gauging the entire Sj
symmetry is

L L

7 s N i .
Hrep(sy) = —+I1 Z <xz + xj) — Z (Zz o zT-l-l + 0 Zz‘+1)
i=1 i=1
L L
— Ty Y (5 i ) = i Y (Gt +77)
=1 =1
Az A NI —fify 4
—Js Z”}'Z flit (3% 1 z+1) Jg leu’H»l (Zi i j+1 —z 1+1)
i=1

(3.17)

22We use the superscript V to differentiate the Rep(S3) symmetry of the bond algebra (3.5) from the
Rep(Sy') symmetry of the bond algebra (3.14).

22



This Hamiltonian is unitarily equivalent to the Hamiltonian (3.13) under the interchange
(J1,J5) <> (Jy, Ji). The unitary transformation connecting the two Hamiltonians is the
unitary tR ep(S,)’ whose definition and action on the Rep(S;)-symmetric bond algebra gen-
erators are described in Appendix C.2.

In Sec. 2.2, we gave the explicit form of an operator that performs the Z; Kramers-
Wannier duality transformation for the S;-symmetric Hamiltonian (2.3). Gauging the Z,
subgroup of the original S; symmetry leads to the Rep(S;) symmetry. So we would like
to apply the same Z, gauging map to ﬁKw to obtain the sequential quantum circuit that
implements the duality under the (J;, J5) <+ (J5, Jg) exchange. To that end, we follow how
the individual operators (or, gates in the quantum circuit language) in (2.15) transform
under this gauging map. The full gauged operator has the form

DReP(Sg) = ERep(S3) Preg DO ’ (3.18)

where (i) the unitary ﬁo is defined as

2 L1 .
B Go p At Gy
Dy = <Z Z Pz“”sz:wa> 119 2,45 | (3.19)
a=0 ! j=1
(ii) the projector Preg Wreg is defined in terms of the operator Wreg, corresponding to

the (non-simple) regular representation object reg = 1 @ 1’ @ 2 2 of the Rep(S;) fusion
category, i.e., . P -

Wreg = Wl + Wl’ + 2W2 ;
and (iii) the unitary ’ER ep(S,) is the operator obtained under the action of the Z,-gauging
map on the half-translation operator %Z defined in Eq. (2.14). The explicit details of this

operator are provided in Appendix C.2. The projector P . annihilates any state that is
not Rep(S;) symmetric since for any irrep R =1, 1, 2 of S3, the identities

/\ A o~ ~ 1 -
reg d WR - reg7 Preg (1 - dRWR> = 07

hold. The duality operator lA?Rep(Ss) acts on the Rep(S;)-symmetric bond algebra (see
Appendix C.2 for details) as

5{:- + H.c. Z“Hl Al

j4+1 + H.c.
mn
B ZJ+1ZT1+HC Xj+1+HC. 5
Rep(Ss) - Rep(S;)»
3 X. — H.c. %Zﬂgz (Z/‘J+1Z]T+1 _He ) 3
T By (ZMHrl ZZ+1 - H'C-) )?j.,.l —He.

(3.20)
which implements the self-duality transformation (J;, J5) < (Js, Jﬁ) of Eq. (3.13). The
operator DRep(53) is non-invertible since it contains the projector Preg The operator
ﬁRep( s,) obeys the algebraic relations 2

Drep(s,) Wr = Wk Drep(s,) = dr DRep(s,) (3.21a)
~ 2~ . ~AN2 o~ o~
(DRGP(S:s)) = Preg (tRep(S3)D0> = PregT7 (321b)

Z3We use the fact that %Rep(S‘,j) and Dy commute with ﬁreg.
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<1A)REP(53)>T ]3 <{Rep( )D0> *fTﬁRep(sg), (3.21c)

where dp is the dimension of the irreducible representation R, and T is the operator
translating both qubits and qutrits by one lattice site. Let us note that, the second line
in the above set of equations implies

(\/@Rep(sg))Q - (WI W+ 2/I/I72> T. (3.22)

Following the discussion for Eq. (2.20), an analogous calculation of the quantum dimension
suggests
d= =14142-2=6 — d =6 (3.23)
Rep(S3) Rep(S3)
The quantum dimension calculated above as well as the fusion rule in Eq. (3.22) are
in tension with the category theoretic result [70] which suggests that a duality defect
symmetry D arising from “half-gauging” by an algebra object A must satisfy

D= A, dp=+/(A). (3.24)

In our case, the self-duality symmetry generated by lA)Rep(Sg) corresponds to a duality
defect associated with gauging by the algebra object A =1 @ 2, as we argue in Sec. 5.1.
Therefore we should expect the quantum dimension to be v/3. This highlights an important
subtlety in calculating quantum dimension of self-duality symmetries on the lattice when
considering self-duality symmetries associated with gauging of non-invertible symmetries
by general algebra objects. A more careful way to compute the quantum dimension, as
well as the fusion rules, involves unitary operators that move non-invertible symmetry
defects in a lattice Hamiltonian, as is done in Ref. [76].

3.3 Phase diagram

To discuss the phase diagram of the Hamiltonian (3.13), we first reparameterize it as
Rep( ) =~ Jicost Z ( Zin Zj+1 + H.c.) Jysin@ sz T < 7l Z;r+1 — H.c.)

L L
— Jycosf Z ()?Z—l—)/d) — Jysinf 21()?1—)?;[)
i=1
L L

S S e ) IS (5 G A7)
=1 =1

<.
Il
R

(3.25)
As in Sec. 2.3, we will explore the phase diagram of this Hamiltonian as a function of
dimensionless ratios J;/J, and J;/J,, for the cases of § = 0, non-zero but small § ~ 0,
and large 6 ~ 0.7.

3.3.1 Analytical arguments

When studying the phase diagram of (3.25), we can utilize its duality to the Hamiltonian
(2.21), under the Z,-gauging map. When 6 = 0, we again identify four gapped phases
that correspond to four distinct symmetry breaking patterns for Rep(S;) as follows.
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(i) When J; = J, = 0, Hamiltonian (3.25) becomes

L
HRep(S3);2,3 == Z |:J2 (Xz + XJ) + ‘]3 (722;2’ + 722:2’ ﬂ;v—i—l)] : (326)
i=1

The qubits and qutrits are decoupled and all terms in the Hamiltonian pairwise
commute. There is a single nondegenerate gapped ground state

L
|GSgep(s,)) = Q7 =1, uf =1, X; = 1), (3.27)
=1

which is symmetric under the entire Rep(S;) symmetry. At this point, it is instruc-
tive to note that there is a subtle distinction between states symmetric under invert-
ible and non-invertible symmetries that is implicitly used in the above discussion.
Namely, the state |GSRep(SS)> transforms as

W1 |GSgep(s,)) = |GSrep(s,)) s W2 GSrep(s,)) = 2 |GSgep(s,)) (3.28)

where the factor of 2 reflects the quantum dimension of the non-invertible symmetry
W2.24 This is the lattice analogue of the field theory result that the vacuum expecta-
tion value (vev) of a non-invertible topological line defect is its quantum dimension.
More generally, we say that a state spontaneously breaks a non-invertible symmetry
if its expectation value is vanishing.

The S;-symmetric Hamiltonian (2.21) has twofold degenerate ground states (2.23)
when J;, = J, and 6§ = 0. Under the duality mapping, the unique ground state
(3.27) is the image of the symmetric linear combination of these ground states, i.e.,
|GS'ZZ> + |GS£2). This is because the duality only holds in the subspace specified in
Eq. (3.7).

(i) When J, = J, = 0, Hamiltonian (3.25) becomes

L

~ /\ﬂ;’ ~ . . .

HRep(s,)1,3 = — > [Jl (Zi nZh+ H-C-> +J3 (77 + 77 Nf+1)] : (3:29)
i=1

Qubits are again in the disordered phase which pins their value to 77 =1 and 47 =1
subspace. This means that the J; term simply reduces to the classical 3-state Potts
model. There are three degenerate ground states

L
GS$) = QI =1, uf =1, Z; = ). (3.30)
=1

24To ensure the consistency with the fusion rules of Rep(Ss), the numerical pre-factor in Eq. (3.28) is
essential. On the one hand,

W; |GSRep(SB)> = /W2 (W2 |GSRep(5’3)>) =4 |GSRep(Sg)> )
while on the other,
W3 [GSrep(s,)) = (Wa + War + W3 ) [GSpepcs,)) = (14 1+ 2) [GSpepcs,)) = 41GSrepcs,)

For a general non-invertible symmetry o, its eigenvalue corresponding to a symmetric state must match
its quantum dimension d,.
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(iii)

Tetracritical
Ising CFT

J 4 Rep(S;) symmetric

GSD=1

Ising
CFT

Multi-criticality
Rep(S;) SSB

GSD=3

I,

Figure 7: Phase diagram of Hamiltonian (3.25) based on analytical arguments at
@ = 0. The critical points are guesses based on duality arguments and various
simple limits.

These ground states preserve the Z, subgroup generated by Wl, while they break
the non-invertible W, symmetry. Under the latter each ground state is mapped to
equal superposition of the the other two, i.e.,

W, [GS]) = [GST) + |GSY)
W, |GS2) = |GS3,) + |GSL), (3.31)
W, |GS3,) = |GSL,) +GS2)) .

Note that the expectation value of /Wz is zero in any of these ground states. We call
this phase Rep(S;)/Zy SSB phase.

The S;-symmetric Hamiltonian (2.21) has sixfold degenerate ground states (2.25)
when J, = J, and § = 0. Under the duality mapping, each ground state |GS{/)
is the image of the linear combinations |GSZQ> + |GS£1’O‘) that are in the subspace

(3.7).
When J; = J; =0, the Hamiltonian (3.25) becomes

L
HRep(s,):2,4 = — Z [Jz (Xi + XJ) +J, (ﬂf Gy + 7A'zm>] . (3.32)
i—1

First, we note that all terms in the Hamiltonian pairwise commute. Therefore we
can set 7* = 1. Second, we can minimize the J, term by setting X, = 1, for which

C; = 1 too. This leaves us with the J; that is reduced to J iif if, ;. This term favors
twofold degenerate ground states for i degrees of freedom, i.e.,

L
GS3) = Q|7 =1, uf = %1, X; =1). (3.33)
=1

These ground states break the entire Rep(.S5) symmetry. First, the two ground states
are mapped to each other under the Z, symmetry generated by W;,. Second, one

verifies e
W, |GSy) = [GSg) +|GS3) (3.34)
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i.e., both ground states are mapped to the same linear combination under Wz. This
is to say that the vev of WQ is 1 in both of the ground states. While this does
not match the quantum dimension of by ﬁ/\2, we say that the non-invertible Wz
symmetry is not spontaneously broken. For this reason we call this phase Z, SSB
phase.?” We provide further motivation for this interpretation in Sec. 5.2 where we
computed expectation values of order and disorder operators in ground states (3.33).

The S3-symmetric Hamiltonian (2.21) has a non-degenerate ground state (2.22) when
J, = J; and @ = 0. Under the duality mapping, the cat state, |GS5) + |GS5) is the
image of this non-degenerate ground state |GS Sg>-

(iv) When J, = J3 = 0, the Hamiltonian (3.25) becomes

L

~ /\ﬂ;ﬂ ~ R ~

Hgep(sya == {4 (Zi nzh H.c.) +J, 2 G, Mfﬂ} +const.  (3.35)
i=1

Again, the two set of operators commute, so we can simultaneously diagonalize the
operators and minimize their eigenvalues. There are three degenerate ground states.
Two of them are quite simple, because they are obtained by setting Z =1 for all
sites. As in the discussion of Eq. (3.32), such states are eigenvalue +1 eigenstates of
the charge conjugation operators @ The second term of Eq. (3.35) simply becomes
an Ising-like term for the qubits, which favors a twofold degenerate ground state
manifold spanned by

L
GST) =R =1, =+1,2,=1). (3.36a)
i=1
The third degenerate ground state is

L
1 .
‘GS§> T 9Lz Z ® ‘sz =1,4f =881, Z; = w™). (3.36b)
{Si:il} i=1

The assignment of the j” eigenvalues ensures that the J; term of Eq. (3.35) is
minimized in each summand of (3.36b), while the superposition over different {s;}
configurations ensures that the .J, term is minimized.?® All three of these states
have the minimum possible energy associated with minimizing the eigenvalue of each
of the two set of commuting terms. Under the action of Rep(S;) symmetry these
ground states transform as

Wy |GST) =|GST), Wy |GST) =[GST), Wy

GS}) =|GS3),  (3.37a)
and
W, |GSE) = [GST) + |GST) + [GS3), W, (|GST) +[GST)) =2|Gs). (3.37h)

We interpret this as the Rep(S5) SSB pattern as the vev /V[72 is vanishing in ground
states |GST). We provide further motivation for this interpretation in Sec. 5.2 where

#5See also Ref. [82] where the same terminology is used.
%Even though it is not immediately obvious that {GS§> is a short-range entangled state, in fact,
it is related to a product state by the action of a finite depth local unitary circuit, }GS§> =

TT (Cr 5, O ) @y I = Lot = 1)@ 45 (1Z: = w) +12; = "), where Cpi¥, ; is a kind of
CZ operator that acts as the identity operator if Z; = w and as i} if Z;, = w™.
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Figure 8: Numerical phase diagram showing GSD (a) and central charge (b) as
heatmaps, as a function of J; and J;, with J, =1 —J;, J, = 1 — J; everywhere
and with fixed § = 0.1. The effective system size is L = 128.

we computed expectation values of order and disorder operators in ground states
(3.36).

The S3-symmetric Hamiltonian (2.21) has a threefold degenerate ground states (2.24)
when J, = J; and § = 0. Under the duality mapping, the linear combination
‘GST> + ‘GSI> is the image of the linear combination |GS%2> + ]GS%Q while the
ground state |GS?) is the image of ]GS%2>.

In conclusion, we have identified 4 fixed-point gapped ground states of the Rep(S;)-
symmetric Hamiltonian (3.25). On general grounds (see Sec. 5), this symmetry category
is indeed expected to have 4 gapped phases. Therefore, we find consistency between our
lattice model and general category theoretic arguments. Again, for the gapped phases,
turning on small non-zero 6 makes no difference.

The continuous phase transitions between these gapped phase can also be obtained
from those between the gapped phases of S;-symmetric Hamiltonian (2.21). More pre-
cisely, in the language of conformal field theory, the gauging procedure we performed in
Sec. 3.1 corresponds to the orbifold construction. Namely, for the Ising and 3-state Potts
CFTs, gauging the Z, subgroup of S; can be achieved by orbifolding the Ising symmetry
and charge conjugation symmetry of these CFTs, respectively. Under orbifolding the cen-
tral charge of the CFT does not change while the local operator content does [102-106].
In particular, under the Zs orbifold operation, the Ising CFT is isomorphic to itself, while
the Potts CFT is mapped to tetracritical Ising (T'CI).?” As a result, we expect the same
reasoning behind the stability of the critical lines and multicritical point to small non-zero
6 to hold for the Rep(S;)-symmetric Hamiltonian (3.25) as well. In the following section,
we verify these expectations by providing numerical evidence obtained through the TEFR
and DMRG algorithms.

3.3.2 Numerical results

As we did in Sec. 2.3.2, we implement the TEFR algorithm to obtain the phase diagram
of the Hamiltonian (3.25). We extract the ground state degeneracies and the central
charges using the approach described in Sec. 2.3.2. For simplicity, we only focus on the

#TTt is known that the TCI CFT has Rep(S3) topological defect lines [3].
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case of small 8 =~ 0 limit. The results are shown in Fig. 8. We find, as expected, four
gapped phases of the Rep(S;)-symmetric Hamiltonian (3.25) along with continuous phase
transitions separating them from each other. We confirm using DMRG that the central
charges at the continuous transition lines matches those for the phase diagram of S;-
symmetric Hamiltonian (2.3). In contrast, the ground state degeneracies of four gapped
phases differ as they follow the Rep(S3;) SSB patterns. The duality between the gapped
ground states then holds only in the symmetric subspaces (3.7).

In fact, the above reasoning also holds in the large 0 limit of Hamiltonian (3.13). Just
as it was the case for the Hamiltonian (2.3) with Sy symmetry, around 6, ~ ¢ an extended
gapless region opens up in the phase diagram. Similarly, we can add a term that breaks
the non-invertible self-duality symmetry implemented by lA?Rep( S,) (recall Eq. (3.18)). This
can be achieved by dualizing the perturbation (2.26). Under gauging the Z, subgroup of
S, perturbation (2.26) is mapped to

L

N iy A 2z sz A~ S 5 B 7
H =-J Z (Tiz fiv1 — i1 Ti1 Cip Nf+2) (Zi i Zz‘T+1 +2z; " Zi+1)
= (3.38)
I3 - (X4 X)),
i=1

which is odd under the non-invertible ﬁRep( S,) symmetry. When this term is added to the

Rep(S5)-symmetric Hamiltonian (3.13), depending on the sign of J, , shape of the phase
diagram matches either that in Fig. 5b or Fig. ba. This allows the direct continuous phase
transitions between Rep(S;)-symmetric and Rep(S;) SSB phases or between Rep(S;)/Z,
SSB and Z, SSB phases.

4 Self-dual spin chains and their SymTO description

Emergent symmetries are an important characteristic feature of so-called gapless liquid
states. These symmetries often take the form of generalized symmetries e.g., higher-form,
higher-group, non-invertible; each of these types may also be ('t Hooft) anomalous. A
complete understanding of gapless phases, therefore, requires a general theory of emergent
generalized symmetries. The SymTO framework 2® is a proposal for such a theory; it
attempts to classify gapless states in terms of topological orders in one higher dimension.

In Secs. 2 and 3, we introduced spin chains which respect non-invertible self-duality
symmetries. To understand how these non-invertible symmetries constrain the low en-
ergy dynamics of the lattice model, we need to use the symmetry-topological-order cor-
respondence, and find out which SymTOs describe them. In what follows, we use this
correspondence to first understand S; and Rep(S;) symmetries. We will then obtain the
SymTO that corresponds to the enhancement of these symmetries by the non-invertible
self-duality symmetries.

4.1 SymTO of S; symmetry

The symmetry data of a 141d bosonic system with S5 symmetry can be encapsulated
completely in its SymTO [29], which is the S5 quantum double D(S;), i.e., S; topological
order in 24+1d. From the SymTO point of view, it has been argued [8,44] that the

283ee Appendix B for a review of SymTO.
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1 2 2 -2 -2 =2 4 0 0
1 §2
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S1 53
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G T T+ T o = P —
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(c)

Table 1: (a) Topological spin s and quantum dimension d of the eight anyons of
SymTO D(S;). (b) S-matrix of these excitations which encodes mutual braiding
statistics. (c¢) Fusion rules of these excitations.

gapped phases allowed by S; symmetry are in one-to-one correspondence with the gapped
boundaries of the SymTO D(S;).%

The D(S5) SymTO has eight anyons whose topological spins s, quantum dimensions
d, S-matrix, and fusion rules are given in Table 1. The anyons labeled s and r carry the
gauge fluxes for their associated conjugacy class.?’ The anyon 1’ carries the 1-dimensional
irrep of S; and can be viewed as a Z, charge. From the S matrix, we see that 1’ and s
have mutual 7 statistics, consistent with s being the Z, flux.

There are four Lagrangian condensable algebras of D(S;), which correspond to four
maximal subsets of bosonic anyons in D(S5) with trivial mutual statistics between them.
We can condense all the anyons in a Lagrangian condensable algebra on 1+1d boundary of
the 24+1d SymTO, which gives rise to a gapped boundary [19]. In turn, such condensable
algebras correspond to gapped phases for systems with S5 symmetry. The four Lagrangian
condensable algebras of D(S;) are denoted as follows:

(i) A, =1® 1 @22 corresponds to an S3 SSB phase, i.e., S; ferromagnet
(ii) Ay =11 & 2r corresponds to a Zy, SSB phase
(iii) A3 =1® 2@ s corresponds to a Zs SSB phase

(iv) Ay =1@r @ s corresponds to an Sy-symmetric phase, i.e., Sy paramagnet

29Gimilar statements have also appeared elsewhere in the literature. [33,82,101]
39Gee Appendix A for notations.
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4.2 SymTO of Rep(S;) symmetry

As we exemplified in Sec. 3, the Morita equivalent S; and Rep(S;) symmetries have the
property that Hamiltonians with these symmetries have identical spectra when restricted
to the respective symmetric sub-Hilbert space; this latter aspect was emphasized as “holo-
equivalence” in Ref. [8]. As a result, S;-symmetric models and Rep(S;)-symmetric models
have identical phase diagrams. However, the corresponding phases and phase transitions
may be given different names due to the difference in symmetry labels. The Morita
equivalence between S5 and Rep(S;) symmetries follows from the fact that they have the
same SymTO. The SymTO can be calculated by computing the algebra of the associated
patch operators; some related examples were discussed in Refs. [53,107].

The four Lagrangian condensable algebras of D(S5) also give rise to four gapped phases
for Rep(S3) symmetric models. In terms of the Morita equivalent Rep(S;) symmetry, A,
and A, correspond to Rep(S;)-symmetric and Rep(S;) SSB phases, respectively. The
Lagrangian algebras A, and A; are more subtle; guided by the phase diagram of the
lattice models introduced in Sec. 3, we find that they correspond to Rep(Ss3)/Zy and Z,
SSB phases, respectively.?!

4.3 SymTO of the self-duality symmetry

In Ref. [44], the authors also highlighted the importance of an automorphism of D(S;)
associated with the permutation of the anyons 2 and r. This automorphism of the SymTO
suggests a non-invertible self-duality symmetry of the boundary theory.

Here, we would like stress an important difference between D(S;) SymTO and D(S;)
SymTFT. In D(S;) SymTFT, the automorphism 2 < r implies a symmetry of SymTFT.
In contrast, D(S;) SymTO is just an 2+1d Sy lattice gauge theory with matter. Thus in
general, the SymTO (i.e., the lattice gauge theory) does not have any symmetry. This
corresponds to the fact that our S5 and Rep(S;) lattice models, in general, do not have
the self-dual symmetry, and their SymTO is the D(S;) SymTO, without the 2 <> r auto-
morphism symmetry Z%‘_’T.

The presence of 2 <+ r automorphism in the D(S;) SymTFT implies that we can fine
tune the D(S;) SymTO so that it has the automorphism symmetry Z3". This, in turn,
implies that we can fine tune the S; and Rep(S;) symmetric lattice models, so that these
fine-tuned models have an additional self-duality symmetry. Such an existence of lattice
self-duality symmetry was assumed in Ref. [45]; in Secs. 2 and 3, we explicitly constructed
this lattice self-duality symmetry, and confirmed this conjecture.

The fine-tuned self-dual lattice models have a larger symmetry which include both the
self-duality symmetry and either the S5 or the Rep(S;) symmetries. Thus, the self-dual
lattice models must have a larger SymTO. Such a larger SymTO can be obtained by
gauging the Z2©" automorphism symmetry in D(S;) SymTO. In Ref. [108], this guaging
procedure was carried out and the larger SymTO is found to be either SU(2),XSU(2), or
JK, X JK, topological order. Note that there still remains a two-fold ambiguity, coming
from the possibility of the stacking a Z2<" SPT state to the SymTO, before the Z2"
gauging. The anyon data for the SU(2), and JK, topological orders are shown in Table
2. From the fusion rule e ® e = 1, we see that e carries a Z, gauge charge. From
the S-matrix, we see that m (and m;) carries the corresponding Z, gauge flux. On an
appropriate boundary of the SymTO, e would reduce to a Z, symmetry charge while m
(and my) would reduce to the corresponding domain walls.

31Here, we match the Lagrangian algebras with the gapped phases of the Hamiltonian (3.17) with
Rep(Sy) symmetry.
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SU(2),|s]| d JK,|s| d
1 (0|1 1 (0|1
e 0 1 e |01
m |1]V3 m |%[V3
mi %\/ﬁ ml%\/g
¢ |3]|2 q 2|2
(a)
11 V3 V32 11 V3 V3 2
1 1 —V3 —V3 2 1 1 -3 —=V3 2
Ssu@, = [V3 —V3 VB V3 0 S, = | V3 V3 VB VB 0
V3 V3 V3 VB0 V3 V3 VB V3 0
2 2 0 0 -2 2 2 0 0 -2
(b)
[ [afe] m [ mi | 4
11]e m my q
ellel|l mi m q
m|mi| 1@®q | edqg | mSmy

millmi|m| e®q 19q | m&my
g1 g g me&mmdm|1dedq

Table 2: (a) Topological spin s and quantum dimension d of the five anyons of
SU(2), and JK, topological orders. (b) S-matrices of these excitations for the
two topological orders which encodes mutual braiding statistics. (c) Fusion rules
of these five anyons which is identical for SU(2), and JK, topological orders.

Later, we will show that the generalized symmetries in our self-dual S3-symmetric
and self-dual Rep(S;)-symmetric models are both described by the JK, X JK, SymTO.
Therefore, we momentarily concentrate on JK, X JK, SymTO. The JK,XJK, and D(S;)
SymTOs can have a gapped domain wall between them, which describes the breaking of
the Z2°" self-duality symmetry. This reduces the JK, K JK,; SymTO to D(S;) SymTO.
Such a domain wall is created by the condensation of e¢ in JK, X JK, SymTO (and no
condensation in the D(S;) SymTO). More precisely, the domain wall is described by the
following condensable algebra

A=1,1,1)® (1) d(1,6,1)®(e,1,1) @ (¢,4,2) D (¢, 7) © (¢,1,71) D (q,€,71)
@ (1,q,7m2) ® (e,q,7m2) ® (m,m,s) ® (m1,m1,s) ® (m,m1,s1) ®(mi,m,s1) (4.1)

in the topological order JK,XJK,XD(S;) = JK,KJK,XD(S;). This condensable algebra
allows us to relate the anyons in D(S;) SymTO to the anyons in JK, X JK, SymTO. The
term (1,€,1") in A means that the anyon 1’ in D(S5) SymTO and the anyon 1 ® € = € in
JK,XJK, SymTO can condense on the domain wall. In other words, after going through
the domain wall, the & anyon in JK, X JK; SymTO turns into the 1’ anyon in D(S;)
SymTO. Similarly, the term (e,1,1’) in A means that, after going through the domain
wall, the e anyon in JK,XJK, SymTO turns into the 1’ anyon in D(S;) SymTO. Thus the
e anyon and the & anyon in JK, X JK, SymTO carries the Z,-charge of the Sy = Z3 x Z,
symmetry. The corresponding Z,-flux is carried by mm anyon in JK,XJK, SymTO, which
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Drep(sy)
JK4 X J_K4
Self-dual Self-dual OFT
S3 model Rep(S3) model ] ano

Figure 9: The isomorphic holographic decomposition reveals the generalized sym-
metry in self-dual S3-symmetric models and in self-dual Rep(S3)-symmetric mod-
els, i.e., reveal the SymTO M = JK, X JK, and the fusion category R for the
symmetry defects: (Left) The bulk JK,XJK, SymTO and the Ag,-condensation

induced topological boundary R describes the Ss-symmetry plus the self-duality
symmetry in the self-dual Sy-symmetric models. (Right) The bulk JK, X JK,
SymTO and the Agep( s,)-condensation induced topological boundary R describes
the Rep(S5)-symmetry plus the self-duality symmetry in the self-dual Rep(S;)-
symmetric models.

has a m-mutual statistics with both e and € anyons. This is also consistent with the term
(m,m,s) in A, which implies that after going through the domain wall, the mm anyon
in JK, X JK,; SymTO turns into the s anyon (the Z,-flux) in D(S;) SymTO. Thus, the
string operator that creates a pair of mm-anyons generates the Z, (of S;) transformation.

The Abelian anyon e€ in JK, X JK, SymTO does not carry the Z, charge of the S;.
But it carries the Z27" charge of the self-duality symmetry. This is consistent with the
fact that the condensation A = 1 @ eé breaks the self-dual symmetry and reduces the
JK, ®JK, SymTO to D(S;) SymTO [44,45,84]

(JKy BIK) j15ee = D(S3)- (4.2)

To summarize, the anyons in JK, X JK, and D(S;) SymTOs have the following identifi-
cation under the condensation of 1 @ ee

ee—1, e—=1, e—=1, mm—s q7—2®r, q¢q—ry, q— 71 (4.3)

Since e€ has m-mutual statistics with m and m in JK,XJK, SymTO, anyons m and m are
7277 flux for the self-duality symmetry. In other words, the string operator that creates a
pair of m-anyons generates the self-duality transformation. Similarly, the string operator
that creates a pair of m-anyons also generates the self-duality transformation. The two
transformations differ by a Z, transformation. Because m has quantum dimension V3,
the transformation generated by the string operator of m is an intrinsic non-invertible
symmetry.>? The non-integral quantum dimension also implies that the symmetry is
anomalous,?® since the anomaly-free generalized symmetry always have integral quantum
dimensions [8, 10, 30].

In Refs. [8,27,30], an isomorphic holographic decomposition (e, ﬁ) of a model is intro-
duced to expose the symmetry and the SymTO in the model (see Fig. 9):

(eR) ~
model = RNy syg, QF oo, (4.4)

32A (generalized) symmetry is called intrinsically non-invertible [85,86] if all its Morita equivalent sym-
metries are non-invertible. This is to say that a symmetry with non-integral quantum dimension cannot
be Morita equivalent to (sum of) simple objects with integral quantum dimension.

33By definition, a (generalized) symmetry is anomaly-free if it allows gapped non-degenerate ground
state on all closed space.
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where the boundary R and the bulk J K,XJK, are assumed to have infinite energy gap. A
similar picture was also obtained later in Refs. [31,32]; also see Ref. [45] and Appendix B for
a short review. The isomorphic holographic decomposition (4.4) has the following physical
meaning. The model is exactly simulated by the composite system R JK, XK, QFT,,-
For example, the model and the composite system have the identical energy spectrum
below the energy gaps of the boundary R and the bulk. The local low-energy properties
of the model are captured by a quantum field theory QFT,,, ** (which has a gravitational
anomaly characterized by the JK, X JK, SymTO), while the fully gapped boundary R
and the bulk JK, X JK, SymTO cover the global properties of the model (such as ground
state degeneracy).

Using the SymTO correspondence described above, we find that the JK,XJK, SymTO
has only two Morita equivalent symmetries, characterized by two different choices of the
gapped boundary R in Fig. 9. The two Lagrangian condensable algebras that give rise to
these two choices of R are:

As, = (1,1) @ (1,€) ® (e, 1) @ (e, €) © 2(q, q),

~ - ~ ~ (4.5)
ARep(S3) =(1,1) & (e,€) & (m,m) ® (ma,m1) ® (g, q)-

From Eq. (4.3), we see that the Ag, condensation condenses the S3-charges 1’ and 2, as well
as the Z2“"-charge of the self-duality symmetry. This suggests that the Ag, condensation

in the R boundary leads to the S; symmetry together with the self-duality symmetry of
QFT,,,, i.e., the symmetry of the self-dual S; symmetric model studied in Section 2 (see
Fig. 9 (left)). Following the same logic, the Agep( s,) condensation condenses the S fluxes
s and r, as well as the Z2“"-charge of the self-duality symmetry. This suggests that the
ARep(s,) condensation in the R boundary leads to the Rep(S;) symmetry together with the
self-duality symmetry of QFT, , i.e., the symmetry of the self-dual Rep(S;) symmetric
model studied in Section 3 (see Fig. 9(right)).

The SymTO identified here classifies the gapped phases of the self-dual S5 symmetric
model in terms of possible gapped boundaries QFT,, ., induced by Lagrangian condensable
algebras in (4.5). The self-dual S5 symmetric model has only two possible gapped phases.
The ground state degeneracy of a gapped phase is given by the inner product of the
integer vectors associated with the Lagrangian algebras *° giving rise to the R and QFT,,.,
boundaries [45]. So if we choose the Agep s,) condensation to describe the gapped QFT,,,
boundary, the associated ground state degeneracy is

GSD = (As,, Arep(s,)) = 4. (4.6)

This phase carries the degeneracies of Zs SSB phase (with GSD = 3) and the S;-symmetric
phase (with GSD= 1). This gapped phase describes a first-order quantum phase transi-
tion between these two phases. The second gapped phase of the self-dual S; symmetric
model corresponds to a .A53—condensed QFT,,, boundary. The corresponding ground
state degeneracy is

GSD = (As,, As,) = 8. (4.7)

This phase carries the degeneracies of Z, SSB phase (with GSD = 2) and the S; SSB phase
(with GSD= 6). It describes a first-order quantum phase transition between these two

34This is referred to as “physical boundary” in the SymTFT literature.

35This integer vector 7 for a particular Lagrangian algebra A is given by its decomposition into simple
anyon types as A = @,y e a. In our context, M is the SymTO. We will use the notation (A1, A2) to
denote the inner product (7i1,72) of the integer vectors associated with the Lagrangian algebras A; and

As.
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phases. We note that the self-dual S; symmetric model does not have any gapped phase
with a non-degenerate ground state. This is consistent with the fact that it is anomalous.

We can repeat the same analysis for the self-dual Rep(S;) symmetric model that is
given by Fig. 9(right). Here, the R boundary is given by .ARep(gg) condensation. The
self-dual Rep(S;) symmetric model also has only two gapped phases, with ground state
degeneracies

GSD = (A537 ARep(S3)) =4, GSD = (ARep(Sg)aARep(SS)) =9. (48)

These gapped phases describe the first-order transitions between Rep(S;)-symmetric phase
(with GSD=1) and Rep(S;)/Z, SSB phase (with GSD = 3), and that between Z, SSB
phase (with GSD=2) and Rep(S;) SSB phase (with GSD = 3), respectively. The self-
dual Rep(S;) symmetric model also does not have any gapped phases with non-degenerate
ground state, since the non-inverible self-duality symmetry is anomalous.

So far, we have used the Lagrangian algebras of the SymTO to classify all possible
gapped phases for systems with the corresponding symmetry. These classify the ways in
which the SymTO can be “maximally broken”. Non-Lagrangian condensable algebras lead
to a non-trivial unbroken SymTO, and the associated phase via SymTO correspondence
must be gapless. Such gapless states are described by the 1-condensed boundaries of the
unbroken SymTOs [44], i.e., the boundaries induced by the minimal condensable algebra
A = 1. We find that two of the 1-condensed boundaries of the JK, X JK, SymTO are
described by the (6,5) minimal model. The first one is described by the multi-component
partition function [29,44]

JK4®J7K4 _ m6><%_+_xm6><% ZJK4®J7K4 m6xmb6 m6xm6

Zl,l - A1,0;1,0 107%;107,%7 1;e - X1,0;5,73 + Xloé;ﬁ,,%’
2 ST X A T
gt SIS e
Zﬁ?(fmm - ngzi? + Xg?%?;rlniot?_%’ Zﬁ%mm - X;ggﬁ + gf%ﬁ?ﬁ—g’
Zﬁ;{%grm = X?SE@; + xg”gj’;TfE ; Zﬁf%?rm = X?EZ@E + Xglgj .?gga
o ’8”78 ’407;40 o ’8”78 ’41’ 10
i GTI GRE  Zad =X
Zﬁf?‘lmm - XZ%’X;?G% + ?;:;?Eg’ Z;K?EJKAL - ng;ié * X;rf%x ;jg%’
35?53?4 - XZ?%X;TE% + X;?ii;;?(j—ﬁ’ Z’i}f?‘?(lim - XZ%;;?E% + X?;:;@%’
Znt ™ =G T =X T
ZIKaRIR s e L (4.9)

while the second one is described by

JK,RIK, _  m6xmb m6XxXm6 JKMIK, m6xmb m6Xxmb
Zl;]_ - XLO;LO + Xlo 110 _ 7> Zl;é - X1,0;5,—3 + X10 16 _2
757 b 5 757 b 5
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JK4‘Z|JiK4 . mbxmb m6xm6 JK4|XJ7K4 m6xmb6 m6xm6
Z + Z

7 = 5 1 2.9 21 o7 =Xr o, 13 T X 2. 1
1m 5731277§ 6737977E’ L 5737477? 6’37777E’
JK,XIK 6xm6 m6xmb JK,RIK, m6xmb | m6xmb

Zigt =X +X Z =X +X
1, .3 _2 7.9 1 ;1 ;1 2,107

i 1,0:3,—% © 710,5:8,— 75 & 31,0 6,5:10,— ¢

JK ®IKy _  m6xmb m6xmb JK,RIKy _ m6xmb m6xmb
Zee = X5,35,-3 T Xg.2.6_2 Zeym =Xj 0911t X{g1.9_215

751 b 5 bbb 8 757 b 40

JK4XJK 6xmb m6xmb JK ‘Z’J7K4 m6xmb m6xmb
Y t=x" 13 T 7 1 Zy.:* = > + 2 1

&mi 1701477§ 10737777E’ &q 5737377§ 673;8»7E’

JK,RIK 6xm6 m6xm6 JK,KIK, méxmb | . mbxmb
Zmd =Xy, +X Zme =X +X

;1 1l _ 2l _ 2 H 1. 2140907
m 2,5:5,—3 9,306~ 5 ’ mie 2,5:1,0 9,%5:10,—3 ’
JKRIK, 6xmb m6xmb JK,RIK, m6xmb m6xmb

Ly t =X 13 T X5 1 1 e = 13 1+ X, 21
mim 4,5:4—% 77f0§7a—m’ mimi 4,%:2,—3 7am§9»—m’
JK,XIK, 6XxXm6 m6xmb6 JK &J?4 m6xmb m6xm6

L t =00 2 T X, 21 1 Z =X, 1 +X

; la_2 21.q 1 i1 13.p 1.s_2
m q 278737 3 9740 787 15 ’ ml 47 8 757 3 77 40767 5 ’
JK4®J7K4 m6xmb m6xmb JK4|ZJ7K4 m6xmb m6xmb

‘e =X,13..0 T 1. 7 Loy = 1., 13 T Xg 21. 1
mi;e 47?7170 77@110773’ mi;m 2757477§ 9747077»7E’
JK,KIK, 6xmb m6xmb JK,KIK, m6xmb m6xmb

Dnyomy, T = Xm1 1+ 21 21 Ziia =X, 13 2 T X, 1 1
mLml 2,823 97@§9,—E’ miq 4,%:3,—3 77@§87—ﬁ’
JK,XIK, 6XxXm6 m6xmb JK,RIK, m6xmb m6xmb

Zgai' Tt = Xg2 TX Zye' =X +X

1 2. 1. 7 ; 2.5 _ 1.g_2
a; 3,2;1,0 8,310~ 17 ;e 3,2;5,-3 8,1:6,— 2’
JK4RJK 6xmb m6xmb JK ‘Z’J7K4 m6xmb m6xmb

Ly 4:Xm2 1+ 1 21 L = 2 13 T 1 1
aGm 37§7277§ 8’ﬁ;9’7m7 ¢ 37§7477§ 87ﬁ;7»7mj
JKRIK, _  m6xmb m6xmb

Zaq =X323_ 2T Xg1 §,—L" (4.10)

13 3 7E;

The various terms in each component of the partition function are conformal characters
of the (6,5) minimal model. The expression XZ,LI?:;?,G—hb is a short-hand notation for the
product of the left moving chiral conformal character associated with the primary operator
labeled by a (set by an arbitrary indexing convention) with conformal weight (h,,0), and
the right moving chiral conformal character associated with the primary operator labeled
by b with conformal weight (0, k). The superscript m6 x m6 indicates that both the
left and right moving chiral conformal characters are picked from the same (6,5) minimal
model.

Note that in the above multi-component “SymTO-resolved” partition function, the 1
sector contains all the primary operators that respect the symmetry. We see from the

me - JK,KIK . . . .
term XTZ)67X~717106 ; in Z;4* " that the scaling dimensions of the symmetric operators to be
51+HhTE ’

7/54+7/54+2n > 2 with a non-negative integer n for both gapless states. Such symmetric
operators are then irrelevant. Therefore, both of the above two gapless states are in fact
gapless phases with no relevant perturbation that respects the symmetries dictated by
JK, X JK, SymTO.

We remark that the above calculation was also performed for the other candidate
SU(2), ®SU(2), SymTO. We find that for systems with SU(2), & SU(2), SymTO, all
gapless states that are described by (6,5) minimal model contain at least one relevant
perturbation that respects the SU(2), ® SU(2), SymTO. This contradicts our numerical
calculations in Secs. 2 and 3 where we found a stable gapless phase described by (6,5)
minimal model in the presence of S5 (respectively, Rep(S3)) and self-duality symmetry.
We conclude that the SymTO in our self-dual S;-symmetric model and self-dual Rep(S;)-
symmetric model is given by JK, X JK, and not by SU(2), K SU(2),.

The operators that break the self-duality symmetry live in the eé sector. From the

partition function ij}*xm‘*, we find that the scaling dimensions of the operators breaking
the self-duality symmetry to be 2/5+2/5+42n or 343+ 2n (with a non-negative integer n),

for both gapless states. Thus, the two gapless states have only one relevant operator that
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break the self-duality symmetry but not the S; symmetry. They can be identified with
the upper and lower vertical lines that meet at the multi-critical point in phase diagrams
in Figs. 3 and 8 which indeed have only one such relevant perturbation. In fact, SSB
of the self-duality symmetry due to the eé condensation can be seen from the following
relation between JK, X JK,-SymTO-resolved partition functions (4.9) and (4.10), and
D(S5)-SymTO-resolved partition function (E.1):

D(S3) _ LIK,HIK, JK,RIK, D(S3) _ LIK,EIK, JK,RIK,
Zy =711 + Zee ; 2y Y =Ly + 2y )
D(S4) JK,RJK, JK,XIK
Zs 78 = T L (4.11)

where the sectors in JK, X JK, SymTO connected by e€ are combined into a single sector
in D(S;) SymTO.

The above two gapless states with self-duality symmetry are very similar. The only
difference is that Z? (55) splits differently when we add the self-duality symmetry as

D(S5) 6xm6 m6xm6 m6xmb m6xmb
Zs ¥ =01 1T X 21 21 T X, 13 13 T 1 1
2,5:2—3§ 9,991 4,54 —% 7300
ZJK%&TKA1 JK@JT{4
sm my g
D(S3) m6Xxmb6 m6XxXmb6 m6XxXmb6 m6xm6
Zs =Xg1y 13T Xy Lo 1 T X1y 1 T Xgatg o (4.12)
787 b 8 7407 b 40 787 b 8 7407 b 40
ZJK4®J74 JK4?JT<4
m;m mi1;my

In addition to the two Lagrangian condensable algebras (4.5), M = JK,XJK, SymTO
also has six non-Lagrangian condensable algebras, listed below. The condensation of these
six algebras reduces the SymTO M = JK, X JK, to a smaller SymTO M /A- The reduced,

unbroken SymTO can be identified from its total quantum dimension Dy 4 = \/ Do d%

and topological spins of the anyons, as well as confirmed by the presence of a domain wall
between M and M, 4 that has no condensation of M, 4 anyons:

(i) Condensable algebra A; = (1,1) & (e,€) & (¢,q):
SymTO M, 4, contains topological spins (0) and has Dy a, =2
We conclude that M, 4, = D(Zj).

(ii) Condensable algebra A; = (1,1) @ (1,€) & (e, 1) & (e, €):
SymTO M, 4, contains topological spins (0, %, % and has DM/A2 =3.
We conclude that M, 4, = D(Z3).

(iii) Condensable algebra Az = (1,1) & (e, e):
SymTO M, 4, contains topological spins (0, %, %, %) and has DM/A3 = 6.
We conclude that M, 4, = D(S;).

(iv) Condensable algebra A4 = (1,1) & (e, 1):
SymTO M, 4, contains topological spins (0 L 137132 Z) and has DM/A4 = 6.
We conclude that M, 4, = 23 X JK .

(v) Condensable algebra As = (1,1) & (1,¢€):
SymTO M, 4, contains topological spins (O, %, %, %, %, %, %) and has DM/A5 = 6.
We conclude that M, 4, = JK; X Z3.

(vi) Condensable algebra Ag = (1,1):
M/.AG - JK4 IXJiKzl
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A Incommensurate

Figure 10: (Left) The central charge ¢ and (Right) GSD from tensor network nu-
merical calculation, for the self-dual S3-symmetric model with J; = J = 1/2 and
Js =1 — J3. The horizontal axis is § € [0,7/2]. The vertical axis is J3 € [0,1].
Here GSD is obtained from the partition function: GSD = Z*(L,L)/Z(L,2L)
where Z(L,, L;) is the partition function for spacetime of size L, x L;. For
gapped quantum systems, GSD happen to be the ground state degeneracy.
The central charge c¢ is also obtained from the partition function, which has
a form Z(L, Le,) = e Loolel™ Sz oL (which determines cv) and Z (Lo, L) =

o~ LooleL—25 +o(L71)] (

which determines ¢/v), when Ly, > L. This way, the cen-
tral charge c is defined even for non-critical states. The red-channel of the colored
image is for lattice of size 64, green-channel for size 128, and blue-channel for size
256. (Left) The color intensity [0, 1] corresponds to central charge ¢ € [0,2].

(Right) The color intensity [0, 1] corresponds to 1 — Glﬁ.

Here Z3 is the Abelian topological order described by the K-matrix (i ;), where the

fusion of the anyons form a Zs group. These condensable algebras describe the possible
spontaneous symmetry breaking patterns of the JK, X JK, SymTO, where the unbroken
SymTO is given by M, 4 = (JK,; X JK,) 4. Because the unbroken SymTO is non-trivial,
those non-maximal SymTO broken states are gapless [40,44], and are given by the 1-
condensed boundaries of M, 4 = (JK;XJK,), 4. In turn, such 1-condensed boundaries are
some possible gapless states of our self-dual Sy-symmetric or Rep(.Sy)-symmetric models.

To see the actual gapless states of our self-dual S5-symmetric model, we have calculated
the phase diagram for the model (2.21) (see Fig. 10). We find gapless phases A and B (as
indicated by the non-zero central charge ¢) and gapless incommensurate phase (as indicated
by the “striped” non-zero central charge c), as well as continuous phase transitions between
them. To understand such a phase diagram, in the following, we list the gapless states that
we found using holographic modular bootstrap [29,44,109] for the self-dual S3-symmetric
model (2.21). We only list gapless phases (which have no symmetric relevant operator),
and gapless critical points at continuous phase transitions (which have only one symmetric
relevant operator). We group those gapless states by the condensable algebras A;, whose
condensation lead to the corresponding gapless states. Those gapless states have a reduced
SymTO M, 4, as discussed above:

A= 1L1) & (e,8) @ (q,0), Myu, = D(Zy):
Gapless phase: m4 x m4 x U1 (see (H.6) for the SymTO-resolved partition function)
Critical point: m4 x m4 (see (H.7))
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Ao = (17 1) @ (1’ é) ©® (67 1) @ (6, é)a M/AQ = ®(Z3)
Critical point: m6 x m6 (see (H.9))

A3 = (17 1) S5 (eaé)a %/Ag = 9(53)
Critical point: m6 x m6 (see (H.8)).

Ay =(1,1)d (1,¢), M/A4 = Zg &JiKZLZ
Gapless phase: m6 x m6 (see (H.5))
Critical point: m7 x m7 (see (H.12))

As = (17 1) D (6, 1)7 M/.A5 - JK4 X Z3:
Gapless phase: m6 x m6 (see (H.4))
Critical point: m7 x m7 (see (H.13))

As = (1,1), M, = JK, K IK,:

Gapless phase: m6 x m6; (see (4.9)), m6 x mb6y (see (4.10))

Critical point: m7 x m7; (see (H.10)), m7 X m7y (see (H.11)), md x m6 x m4d x mb;
(see (H.14)), m4 x m6 x m4d x mby (see (H.15)), m4 x m6 x m4 x mb3 (see (H.16)),
m4 x mb x md x mby (see (H.17)),

Here m4, m6, mT represent (4,3), (6,5), (7,6) chiral minimal model CFT. U1 repre-
sents chiral compact boson CFT. For example, m4 x m4 x U1 is a gapless state whose
right-movers are described by m4 x m4 CFT and whose left-movers are described by U1
CFT.

The SymTO-resolved partition function Z for m4 x m4 x U1 state is given by (H.6).
From the (1,1) component of the partition function

JKARIKy _  midxmdxUly - miAxmdxUly - mixmdxUly maxmaxUly
Zl;l _XLO;LO;I,O + '1s0§37%;377$ + '315;]:0:,377% X37%;37%;170 (413)

we conclude that the m4 x m4 x U1 state has two JK; X JK 4 symmetric relevant pertur-
bations (highlighted in red). However, if we want to use m4 x m4 x U1 state to describe
the incommensurate state in the phase diagram Fig. 10, we also need to include the lattice
translation symmetry. In this case, the crystal momentum of a many-body state become

the U(1) charge of the U1 CFT. The primary field for the conformal character X?§;§2?3T3i4
carries a non-zero U(1) charge, i.e., a non-zero crystal momentum. Such a primarzy ﬁeid
is not symmetric under the translation symmetry. As a result, the m4 x m4 x Ul state
has no JK; X JK4 symmetric and translation symmetric relevant perturbations. So it is
a stable gapless phase.

Let us point out that the m4 x m4 x U1 state is nothing but the incommensurate state
discussed in Section 5.3. Both states have the same unbroken SymTO M, 4 = D(Zs), and
both states are described by the same CFTs.

In the phase diagram shown in Fig. 10, we identify the gapless phase-B as the m6 x m6;
phase (see (4.9)) or m6 x mby phase (see (4.10)). Both phases have the full SymTO
JK,XJK 4. Such phases for the self-dual S3 symmetric model have the following modular
invariant partition function, which is obtained via the inner product of the vector-valued

partition function Z and the Lagrangian condensable Algebra Ag,

_ _ S JKyRJIK, JK,RJIK 4 JK,RJTK 4 JK,RJITK 4 JKJRJTK 4
Z = (Z7 ./453) - Zl;l + Zl;é + Ze;l + Ze;é + 2Zq;(j

. mbxmb m6xmb6 m6xmb m6xmb6 m6xmb6 m6xmb
= X1010 T Xy 1007 TX105-3 T X0 T2 T X5310 F Xg 207
m6xmb6 m6xmb m6xmb m6xmb6
+ X5,35,-3 1 X6,§;6,—§ + 2(X3%;3’7§ + X8,%;8,—1—15) (4.14)
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We also identify the gapless phase-A as m6 x m6 phase with A4-condensation (see
(H.5)) or m6 x m6 phase with As-condensation (see (H.4)). The two phases for the self-
dual S3 symmetric model have the following modular invariant partition function

_ _ 2 JKyRJIK, JK,RJIK 4 JKJRJTK 4 JKRJTK 4 JKJRJTK 4
Z = (Zv AS3) - Zl;l + Zl;é + Ze;l + Ze;é + 2Zq;(j

_ m6xm6 m6xm6 m6xmb6 m6xm6 m6xmb6 m6xm6
= 20010 +X5310° T Xg20,-1 T Xj0,2107 T X108 T X558

m6xmb m6xmb m6xmb m6xmb
F g2z T X0 2 F 22 AT ) (4.15)

Since the conformal character for the identity operator XTS-T? appears twice, the m6 x m6

phase with A4 or As condensation has 2-fold degenerate ground states on a ring, as one
can see from Fig. 10(Right). In fact, such phases spontaneously breaks the Zs symmetry,
due to the e or € condensation, which leads to the 2-fold degenerate ground states. Let us
note here that such phases were termed “gapless SSB” phases in Ref. [110].

We see that the gapless phase-A has a Zs SSB while the gapless phase-B has no
symmetry breaking, despite both phases being described by m6 x m6 CFT. The phase
transition between phase-A and phase-B is a Zs symmetry breaking transition. Thus the
critical point of the transition is described by m4 x m4 Ising CFT on top of m6 x m6
CFT, which is one of the four gapless critical states: m4 x m6 x m4 x m6;, i = 1,2,3, 4,
listed above.

5 Discussion

Let us recap and give a detailed discussion of the main lessons from Secs. 2 and 3. We
collect our key results under three directions. Sec. 5.1 reviews the web of dualities we
have obtained by gauging various subgroups of S;. In Sec. 5.2, we describe symmetry-
breaking patterns in terms of patch operators, and compute their expectation values in the
gapped fixed-point ground states. We argue that these can be used to detect ordered and
disordered phases of models with general fusion category symmetries. Finally, in Sec. 5.3
we study a Hamiltonian of spin-1/2 degrees of freedom that is exactly solvable, has an
exact non-invertible self-duality symmetry in a certain parameter regime, and supports a
gapless incommensurate phase in its phase diagram. We use this model to draw analogies
with the gapless regions in the phase diagrams of S;- and Rep(S;)-symmetric models and
better understand the latter two.

5.1 Gauging-induced dualities

In Secs. 2 and 3, we presented several dualities that are induced by gauging subgroups of
Ss symmetry. In Fig. 11, we summarize the corresponding web of dualities. The corners
of the diagram label the symmetry categories of the dual bond algebras while the each
arrow implies a duality map induced by gauging. It has been shown in Ref. [24], distinct
gaugings of a symmetry category C are in one-to-one correspondence with the left (or right)
module categories over C. Accordingly, we label each arrow in Fig. 11 by the choice of the
corresponding module category.’® Alternatively, each left (or right) module category over
C is equivalent to the category of right (or left) A-modules over C where A € C is some
algebra object (see Appendix A of Ref. [38]). This correspondence forms the connection
between the module categories over C and the perspective on gauging as summing over

36Module categories over Vecg (Rep(G)) are given by the categories Vecy (Rep(H)) where H < G,
i.e., H is a subgroup of G [111].
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Rep (Z;)
VoY

Rep (.5;) Rep (S?\)/)

Figure 11: The web of dualities obtained induced by gauging. The four categories
Vecg,, Vecgy, Rep(Ss), and Rep(Sy) at the corners of the diagram denote the
fusion category symmetry of the bond algebras (2.6), (2.10), (3.5), and (3.14),
respectively. Each directed arrow between these fusion categories denote a duality
induced by gauging. The label on each arrow denotes the corresponding module
category over the category at the source of the arrow.

symmetry defect insertions in two-dimensional spacetime. In the context of fusion category
symmetries, gauging can then be understood as summing over all insertions of A-defects
in the partition function in two-dimensional spacetime.

In Fig. 11, for the fusion category Vecs3,37 the module categories label the symmetry
category of the subgroups that are not gauged. Note that the module categories are in
one-to-one correspondence with (conjugacy classes) of subgroups of Sy. In particular, the
module categories Vecg, and Vecy, of Vecg, correspond to gauging by the algebra objects e
(the trivial algebra object, implementing trivial gauging) and e@®r @12, respectively. These
gauging maps give back the same symmetry category Vecg, . The latter, in particular, is
what we would ordinarily describe as the Z; Kramers-Wannier duality. We provided a
recipe for implementing this gauging map in Sec. 2.2. On the other hand, the module
categories Vecz, and Vecz, , where Z, is the trivial group, correspond to gauging Vecg, by
the algebra objects e @ s and e @ r ® 12 @ s @ sr @ sr?, respectively. These gauging maps
lead to the dual Rep(S;) symmetry category. The first of these is exactly the gauging map
we used to construct the Rep(S;) spin chain in Sec. 3, starting from the Sy spin chain of
Sec. 2. The second one of these can be implemented by first gauging Z; in S; and then
gauging the Z, subgroup of the dual Sy, as discussed in Sec. 3.2.

For the fusion category Rep(S;), we find that the algebra objects corresponding to
three distinct gaugings of Rep(S;) labeled by module categories Rep(Z;), Rep(Z,), and
Rep(Z,) tobe 1® 1,1 @2, and 1 ® 1’ @ 22, respectively.”® Gauging by certain algebra
objects can give back the same symmetry category. For other algebra objects, one gets
a new (dual) symmetry category. This is a generalization of Kramers-Wannier duality to
arbitrary fusion category symmetries. In our example with Rep(.S;) symmetry, we find that
gauging by either of the algebra objects 161’ or 141’22 (i.e., the regular representation
object) of Rep(S;3) gives rise to S5 symmetry. On the other hand, gauging by either the

3TFor any group G, the fusion category Vecg consists of simple objects that can be thought of as G-
graded vector spaces, which fuse according to group multiplication law. The morphisms of this category
are graded G-graded linear maps. In this subsection, we will refer to S3 symmetry as Vecs, to emphasize
the general language of fusion category symmetry.

38These were derived using the internal Hom construction outlined in Appendix A.3 of Ref. [38].
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Table 3: Expectation values of S5 order and disorder operators defined in Eq.
(5.1) in the fixed point ground state wavefunctions defined in Egs. (2.22), (2.23),
(2.24), and (2.25), respectively. The non-zero (zero) expectation values of order
(disorder) operators detect the spontaneous symmetry breaking and long-range
order in the ground states.

GS  |Cy(0 UyG:0) CpGi0) Uy(.0)
|GSs,) 0 +3 0 +2
sz=Zt3> +1 0 0 +2
GSg) 0 +1 +2 0
GS;) | +1 0 +2 0

trivial algebra object 1 (i.e., implementing trivial gauging) or the algebra object 1 @& 2
gives back a “dual” Rep(Sy) symmetry. Like the familiar KW duality associated with
gauging Abelian groups, the gauging by 1 @ 2 implements a duality transformation that
exchanges pairs of gapped phases of the system. In our analysis, we did not provide an
explicit description of how gauging by algebra objects, via the insertion of defects approach
put forward in Ref. [24], works at the level of microscopic Hamiltonians. However, we note
that gauging by the 1 @ 1’ algebra object should proceed very identically to gauging of
an ordinary Z, symmetry since W3 indeed generates a Z, sub-symmetry of Rep(S;), and
gauging by the regular representation algebra object should be identical to first gauging
by 1 @ 1" and then gauging the Zs subgroup of the resulting S; symmetry. Finally, we
identify a sequential quantum circuit (3.18), that implements a duality transformation
of our Rep(S3) spin chain, which therefore must correspond to the remaining option of
gauging by the 1 @ 2 algebra object.

5.2 SSB patterns and order/disorder operators

Ordered phases in which symmetries are spontaneously broken can be detected by non-
zero values of appropriate correlation functions of order operators. In contrast, disordered
phases can be detected by non-zero values of appropriate correlation functions of disorder
operators. The expectation values of correlation functions of order and disorder operators,
considered together, have been found to be a tool that can detect gaplessness Ref. [112].
The idea of order and disorder operators can be generalized to non-invertible symmetries
in the form of patch operators [29,53,107]. Depending on which gapped phase the system
is in, different patch operators will get a non-zero expectation value in the ground state(s).
This gives a way to detect symmetry-breaking even if we restrict to the symmetric sub-
Hilbert space so that ground state degeneracy is no longer a reliable tool.
For the S5 symmetry, we have the patch operators 39

Cr, 0, 0) = 65650 Co,G,0) =2; 2}, + Z] Z.4, (5.1a)

39We choose, without loss of generality, G5 654 to be the Zy order operator. Alternatively, we could
have chosen &5 77, 77 651, or 77 77, as well. Any of these choices for the order operators produce the
same expectation values in the ground states of gapped fixed-points of the Hamiltonian (2.21).

42



Table 4: Expectation values of Rep(S;) order and disorder operators defined in
Eq. (5.2) in the fixed point ground state wavefunctions defined in Egs. (3.27),
(3.30), (3.33), (3.36a), and (3.36b), respectively. The non-zero (zero) expectation
values of order (disorder) operators detect the spontaneous symmetry breaking
and long-range order in the ground states.

GS C(i0) Wi(, ) Caliil) Wa(j0)
|GSgep(s,)) | 0 +1 0 +2
|GST) 0 +1 +2 0
|GS3) +3 0 0 +2
|GSY) +1 0 +2 0
|GS3) +1 0 +2 0

that are associated with Z, and Z; order operators, respectively, and the patch operators

2 j+L N J+e J+e
Uy, 0)=>_T[er# C X, Uit H X, + H X, (5.1b)
a=0k=j

that are associated with Z, and Z; disorder operators, respectively. We note that both
of these classes of patch operators are symmetric under the entire S5 group, i.e., they are
constructed out of the generators of S;-symmetric bond algebra (2.6), while the disorder
operators are closed under the action of S;. Both order and disorder operators can be
thought of as transparent patch operators [53] in the sense that they commute all the
terms in the S; Hamiltonian (2.21) that are supported between sites j + 1 and j + ¢ — 1.
On the Hamiltonian their nontrivial actions only appear at their boundaries.

The expectation values attained by the patch operators in the gapped fixed-point
ground states (2.22), (2.23), (2.24), and (2.25) are given in Table 3. In the fixed-point
ground states, non-zero expectation values of order operators accompany the vanishing
expectation values of disorder operators and detect spontaneous symmetry breaking in
the ground states. We note that when the S; symmetry is broken down to Z,, each of the
threefold degenerate ground states preserve a different Z, subgroup which reflected in the
non-vanishing expectation value of Z, disorder operators on only one of the degenerate
ground states. Away from the fixed-points the zero expectation values are expected to be
replaced by an exponential decay o« e~ ¥ ~4/¢ with a finite non-zero correlation length &
(with gapped fixed-points corresponding to & — 0 limit).

For the Rep(S;) symmetry, we can apply the Z, gauging map, derived in Sec. 3, to
obtain the Rep(S;) patch operators. Since we are gauging Z, subgroup of S;, we expect the
Z4 order and disorder operators to be mapped to disorder and order operators of the dual

Z4 symmetry generated by Wl, operator. Accordingly, we identify the patch operators

«

2 7+l
frg A
Cy(, 0) = i} Z HX =i F s (5.2a)
Jj+e
Wy (.0 = ] it (5.2b)
k=j+1
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that correspond to W,, order and disorder operators, respectively. In contrast to this,
under gauging Z, subgroup of S5 symmetry, the Z; order and disorder operators are
mapped to

Cylj, 0) = ZH’“ ik Zl,+Z; M5 i 5 s (5.2¢)
Jj+e R j+L
HX q j+1 P + HX q =j+1 “q (52(1)

which are the order and disorder operators, respectively, associated with the non-invertible
symmetry operator W,. We note that for Rep(S;) symmetry, order operators are non-local
string-like objects, as opposed to the case of S symmetry for which order operators are
bilocal, i.e., products of two local operators. In other words, the spontaneous breaking of
non-invertible Rep(S5) is detected by non-local string order parameters. The expectation
values attained by the patch operators in the gapped fixed-point ground states (3.27),
(3.30), (3.33), and (3.36) are given in Table 4. We see that the expectation values of oper-
ators (5.2) in these ground states are consistent with interpreting the corresponding phases
as Rep(S;3)-symmetric, Rep(S3)/Zy SSB, Z, SSB, and Rep(S;) SSB phases, respectively.

5.3 Incommensurate phase in a self-dual spin-1/2 chain

In the phase diagram of the S3-symmetric model shown in Fig. 4, we observed an extended
gapless phase that is centered around the self-dual line. We have argued that such a gapless
phase is an incommensurate phase. We define an incommensurate state as a gapless state
that has gapless excitations carrying quasi-momentum that is incommensurate with the
size of the Brillouin zone. As a result, an incommensurate state contain gapless excitations
whose quasi-momenta form a dense set that covers the whole Brillouin zone. To better
understand such an incommensurate phase, we will first consider the following spin-1/2
chain

— =S {I0i 65 6T F NG G — 60 ) (5.3)
j=1

which also has an incommensurate phase. Hamiltonian (5.3) describes the transverse
field Ising model perturbed by a Dzyaloshinskii-Moriya-type interaction. The latter is
one of the simplest two-body interactions that is symmetric under the (non-invertible) Z,
KW self-duality symmetry of the critical point of the Ising model (h = J;A = 0). The
Hamiltonian (5.3) then has the self-duality symmetry when h = J.

Unlike the S;-symmetric Hamiltonian (2.3), this Hamiltonian is exactly solvable by
applying Jordan-Wigner transformation. This maps the Hamiltonian to a fermionic one
with only quadratic interactions [113]. Closely related results have also been obtained with
other self-dual deformations of the critical Ising model [114-116]. After the JW transfor-
mation, one can diagonalize the fermionic Hamiltonian via a Bogoliubov transformation
which yields

> Bty + B (5.4)
—n<k<m
where
E, :4)\sink+2\/J2 sin?k + (h — J cos k)2 (5.5)

In the ground state of this Hamiltonian, the k£ modes with negative energy are filled in
the ground state. The excitations are hole-like/particle-like for the negative/positive Ej
modes.
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Figure 12: The fermion dispersion (5.5) for A =2—h—J and (a) h = 0.9, J =0.9
(the ¢ = 3 self-dual critical point), (b) h = 0.8, J = 0.8 (the z = 3 self-dual
multi-critical point), (¢) h = 0.7, J = 0.7 (the ¢ = 1 self-dual gapless phase), (d)
h=0.8, J=0.7 (the ¢ = 1 gapless phase)
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Figure 13: Phase diagram of Hamiltonian (5.3) in the (h,J) plane with A =
2 — J — h at each point. The unshaded regions are gapped. The h = J line has
the self-duality symmetry.

The fermion dispersion (5.5) is plotted in Fig. 12 for some values of h,J,\. From
this spectrum, we can identify the low-energy degrees of freedom and whether the ground
state is gapped or not. Along the self-dual line, the central charge computed from DMRG
evaluates to ¢ = 1/2 for A # 0. On the other hand, in the large |A| limit, we find ¢ = 1.
In fact there are extended gapless phases with ¢ = 1 even away from the self-dual line in
the large |A| limit. The full phase diagram is shown in Fig. 13, with the gapped phases in
white and two gapless phases shaded in red. The critical point corresponding to the Ising
CFT lies at the J = h, A = 0 point.

The extended gapless regions labeled ¢ = 1 have gapless linearly dispersing modes near
a “Fermi momentum” that smoothly varies throughout the regions. This behavior is seen
only when A is larger than 0.4 or smaller than —0.66. Moreover, we see that the value of
¢ = 1/2 is stable to a finite non-zero value of A. In other words, the ¢ = 1/2 critical point
becomes a stable gapless phase in the presence of the self-duality symmetry on the h = J
line. This is consistent with the fact that the A term in (5.3) corresponds to an exactly
marginal chiral operator oc 7' — T in the Ising CFT [117].

Let us make a few comments:

(i) Time reversal and reflection symmetries are explicitly broken by the A term in (5.3).

(ii) The self-duality symmetry pins the right-moving particle- and hole-like excitations
at the k = 0 point.
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(iii) In each ¢ = 1 gapless region, there is a chiral complex fermion mode that has non-
zero Fermi momentum kp. This by varies smoothly throughout the region, hence we
refer to it as an incommensurate gapless phase.

(iv) Without the self-duality symmetry, there are both left- and right-moving complex
fermion modes with non-zero Fermi momenta kp.

(v) The fermion dispersion has a singular change as we go across the h = J line in
the gapless incommensurate phase. This suggests that this is a continuous phase
transition within the incommensurate phase.

In the incommensurate gapless phase for large A, a low-energy chiral (complex) fermion
mode near Fermi momentum kp furnishes a representation of a U(1) symmetry. This U(1)
symmetry emanates from the lattice translation symmetry. For instance when A > 0.4,
there are left-moving fermion modes satisfying

TtbrgTh, = €*re iy, (5.6)
while the right-moving fermion modes satisfy
TR Tl = €"ng (5.7)

So this chiral U(1) symmetry acts as e**V. where Ny, is the number operator in the
left-moving sector of the IR theory. When kp is not a rational multiple of m, the set
{e?FrNLINLEZ>01 i5 dense in U(1). However when kp = 2mp/q, with ged(p,q) = 1, the
emanent symmetry becomes a finite cyclic group of order q. We still refer to the emanant
symmetry as U(1) since the finite-order case happens only for a measure 0 subset of values
of kp € (—m, 7).

The presence of U(1) symmetries emanating from lattice translation may be a general
feature of the low energy effective field theory of an incommensurate gapless state. Note
that the right-moving particles and holes (for A > 0.4) carry zero U(1) charge (see Fig.
12¢). The emanant chiral U(1) symmetry is anomalous. This anomaly is reflected in the
UV by the fact that the ground state carries momentum

L—oo k2
ko= Y kO(-Ep) = 7F (5.8)
ke(—m,7]

So the UV translation symmetry acts projectively on the low-energy states. This has
close parallels with the examples discussed in Ref. [89]. In addition to the appearance
of anomalous chiral U(1) symmetry, the notion of incommensurate state also allows us
to make the following conjecture. Some continuous transitions, e.g., Mott insulator to
superfluid transition, involve the introduction of gapless modes. If such gapless modes
are incommensurate, i.e., if the transition is between commensurate and incommensurate
phases, then the dynamical exponent must satisfy z > 1. The transition along the self-dual
h = J line at h = J = 0.8 in Fig. 13 is an example of such a transition, with z = 3.

In the ¢ = 1 incommensurate phase, away from the h = J line, there are two chiral
complex fermion modes, carrying different non-zero U(1) charges (i.e., quasi-momenta).
On the h = J line, the U(1) charge of one set of chiral complex fermion modes vanishes,
and the associated particle and hole branches acquire unequal velocities. This causes a
singularity in the single-particle fermion spectrum, signaling a possible continuous phase
transition. This is an unusual kind of phase transition, since it does not have more gapless
modes compared to the phases on the two sides of the transition.
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Figure 14: (Middle) Central charge ¢ computed via tensor network numerical
approach as a functlon of h € [0,2] (horizontal) and J € [0,2] (vertical) with
A =2—J — h, for the Ising chain (5.3) of sizes L = 256 (blue), L = 128 (green),
L = 64 (red). The range of the color intensity [0,1] corresponds to the range of
the central charge ¢ € [0,2]. The stripe pattern in the gapless ¢ # 0 area comes
from incommensurate nature of the gapless phase. (Left) A plot of ve for the
same range of h and J. (Right) A plot of ¢/v for the same range of h and J.
Here v is the velocity of the gapless mode.

Figure 15: (Middle) Central charge ¢ computed via tensor network numerical
approach as a functlon of J; € [0.4,0.6] (horizontal) and J5 € [0.4,0, 6] (vertical)
for the Ss-symmetric model (2.21) of sizes L = 256 (blue), L = 128 (green),
L = 64 (red). We have chosen J, =1 —J;, J; =1— Js and 0 = 0.7 ~ 2. The
Ji1 = J2 = 0.5 line is the self-dual line. The range of the color intensity [0,1]
corresponds to the range of the central charge ¢ € [0,2]. The stripe pattern in
the gapless ¢ # 0 area comes from incommensurate nature of the gapless phase.
(Left) A plot of ve for the same range of h and J. (Right) A plot of ¢/v for the
same range of h and J. Here v is the velocity of the gapless mode.

In Fig. 14, we present a tensor network calculation of the central charge for the Hamil-
tonian (5.3). In the gapless incommensurate phase we find a stripe pattern in central
charge c. To understand the appearance of stripes, we note that the central charge is
contained in the 1/L term in the ground state energy:

Eyng = Le — %2% (5.9)
By computing the ground state energy at size L and L/2, we can extract the 1/L and
obtain the value of ve. By doing the similar calculation with space and time exchanged, we
can compute ¢/v. Then the central charge is the geometric mean of ve and ¢/v. Certainly,
this approach works only when all the gapless modes have the same velocity v. This is how
we obtained the Fig. 14. We see that vc is small at the boundary of the incommensurate
phase, while ¢/v is large at the boundary. This is consistent with our exact result, which
implies that v = 0 at the boundary. As we change parameters, the U(1) charge (i.e., the
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quasi-momentum) of the ground state may jump, which cause a change of ground state
energy of order 1/L. This leads to the stripe pattern in the calculated central charge.

Armed with this understanding, we compute the central charge ¢, as well as ve and
¢/v, for the S; symmetric Hamiltonians (see Fig. 15). The similarity between Figs. 15
and 14 suggests that the gapless phase in Fig. 15 is also incommensurate. The continuous
transition between commensurate and incommensurate phases has a dynamical exponent
z > 1. Also, the gapless incommensurate phase of our S;-symmetric model has a local
low energy effective field theory with internal U(1) symmetry (coming from the lattice
translation symmetry). Since S3 and Rep(S3) symmetries are Morita equivalent as fusion
categories, the same results also apply to our Rep(S;)-symmetric model.

The parameter 6 in our S; and Rep(S;) symmetric models, (2.21) and (3.25), plays
a very similar role to that of A in Hamiltonian (5.3). For small § and A along the self-
dual line, the (multi-)critical point remains gapless and behaves like stable gapless phase
protected by the non-invertible self-duality symmetry. At large enough values of 6 and A
in respective models, this gapless phase turns into and incommensurate phase via a z > 1
continuous transition.

6 Conclusion

In this paper, we have studied the consequences of non-invertible symmetries that are
realized as genuine UV symmetries (i.e., not emergent IR symmetries) of 1+1d Hamilto-
nian lattice models defined on Hilbert spaces having tensor product decompositions with
finite-dimensional on-site Hilbert spaces; we refer to them as spin chains in short. We
constructed a spin chains with Rep(S;) symmetry by gauging the non-normal Zs sub-
group symmetry of an S;-symmetric spin chain. This provides an explicit microscopic
verification of an instance of the fact that gauging non-normal subgroups in a theory with
an ordinary group-like symmetry leads to a dual theory with a non-invertible symmetry,
which was known using more abstract methods in the literature. [24,118] We explored SSB
phases of the non-invertible Rep(S;) symmetry as well as continuous phase transitions be-
tween them. Both the S; and Rep(.S;) spin chains demonstrate intrinsically non-invertible
self-duality symmetries in special subspaces of the full parameter space. We identify the
SymTO description of this enhanced symmetry and use it to obtain model-independent
constraints on the phase diagrams with this symmetry.

There are various directions for future work. It would be interesting to study how
gauging by algebra objects may be implemented at the lattice level. This requires a deeper
understanding of how symmetry twists of non-invertible symmetries are implemented in
the context of spin chain Hamiltonians. Such an understanding would also be extremely
useful in making statements about the gauging-related dualities in the context of non-
invertible symmetries, including those discussed in this paper, more precise. We note that
similar questions have been addressed in the context of lattice models built on Hilbert
spaces that do not necessarily have a tensor product decomposition, such as in Refs. [66,
78,79]. We believe that our treatment of these questions is complementary to these
previous works. In fact, it is not clear that all fusion category symmetries can be realized
in spin chain Hamiltonians as strictly internal symmetries (cf. footnote 32 of Ref. [76]).
Using our lattice model, we also explored KW-symmetric perturbations to the analytically
tractable limit of the S5 spin chain and uncovered a stable gapless phase. We find evidence
that the numerically computed central charge vanishes at the phase boundaries of this
gapless region, which is consistent with a dynamical critical exponent z > 1. It would be
interesting to characterize this gapless phase and transitions out of it, on or away from the
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KW-symmetric line, from a low-energy field theory perspective. Lastly, it is possible to
gauge the Zs sub-symmetry of the S; symmetric spin chain using fermionic Zg variables
instead of bosonic ones. This leads to a theory of fermions coupled to spin variables with
a fermionic SRep(S;) symmetry. We discuss this in Appendix G as a straightforward
generalization of the story presented in Sec. 3.1 to fermionic lattice models with non-
invertible symmetries. The fermion parity symmetry Z5 becomes a part of the symmetry
category in the gauged model. We leave a discussion of more non- trivial examples for
future work.
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A  Group S;

The group S5 has cardinality |S;| = 6 and generated by two elements s and r such that

s? =13 =e, sr =r?s, where e is the identity element of the group. It has four non-trivial

proper subgroups that we denote by
s={e,r, 1}, Z§={e s}, Z§ ={e, sr}, 75" = {e, sr?}, (A.1)

respectively. From now on, we will choose Z§ as the Z, subgroup and drop the superscripts
r and s when referring to the Z; and Z, subgroups of S;.

There are 3 irreducible representations (irreps) of the group Ss. The trivial one, with
all group elements represented by the number 1, is denoted 1,

Ui(g) =1, VgeSs. (A.2)
There is a second one-dimensional irrep, denoted 1’, with
Ull(e) = U]_/('I") = Ull(T2) = ]., Ull(S) = Ull(ST') = Ull(S’I"Q) = —1. (A3)

The third irrep is a two-dimensional one, denoted 2, with

. 27 227
1 0 GIT 0 2 6_1T 0
Us(e) =  Us(r) = e |, Ua(r?) = e |
2(¢) <0 1) 2(r) (0 e‘23> 2() ( 0 e123>
01 0 e 0 e
e ' 5 e'
Ua(s) = , Us(sr) = .5 . U - . .
2() (1 o) 2(s7) <e123 0 ) 2(sr”) <e123 o)
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The irrep 2 is the only faithful irrep of S;. The tensor product of the irreps forms a
so-called fusion ring with 1 as the identity of the ring. The product operation (or, fusion)
is commutative with the following non-trivial fusion rules:

1’01 =1 12=2 202=1¢61¢2 (A.4)
The group S has three conjugacy classes
e =1{eh,  [s]={s s sr2},  []={r, 1), (A.5)

labeled by a representative element. For each of these conjugacy classes, the centralizer of
the representative are

Co (€)= S5  Cs(9)=23  Cs(r) =75 (A.5D)
respectively. These centralizers have the irreps
T, =1,1,2 (A.5¢)
=1, 1 (A.5d)
m =1, 1y, 1o, (A.5e)

respectively. Here, all irreps are one-dimensional except 2. 1’ denotes the non-trivial
one-dimensional irrep of Z,, while 1,, and 1, are the non-trivial one-dimensional irreps
of Z where w = exp{i27/3}.

B Brief review of SymTO

The wide variety of (finite) generalized symmetries considered in the context of quantum
field theories and quantum many body physics can be provided a unified description in
the language of topological order in one higher dimension. This general philosophy was
put forward and discussed in Refs. [8,28-30,32,42,53,119,120], while a related connection
with noninvertible gravitational anomaly was explored in Ref. [26,27]. The correspondence
between finite symmetries in d spacetime dimensions and topological order in d + 1 space-
time dimensions was referred to as Symmetry/Topological Order correspondence in older
work of two of the present authors [45]. Closely related constructions have been referred
to by various other names in the generalized symmetries literature — SymTFT, topological
holography, categorical symmetry, topological symmetry etc. Similar ideas were discussed
for specialized situations, including for 1+1d systems, for rational conformal field theo-
ries, or in the context of duality and gauging in Refs. [1,2,10,39-41,109,121-127]. In this
appendix, we summarize the aspects of the Sym/TO correspondence that are relevant for
the present paper.

B.1 Algebra of local symmetric operators

The most general way to define generalized symmetry is to start with a subset of local
operators, that is closed under addition and multiplication, i.e., to start with a sub-algebra
of the local operator algebra. We define the operators in sub-algebra as the symmetric
operators of a yet-to-be-determined symmetry. The symmetry transformations are defined
as the commutant of the algebra of the local symmetric operators. The symmetry defined
this way is very general, which include anomalous, higher-form, higher-group, and/or
non-invertible symmetries. What is the mathematical frame work that can describe and
classify the generalized symmetry defined this way?
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To reveal the underlying mathematical structure of the algebra of the local symmetric
operators, Refs. [29, 53] introduced the notion of transparent patch operators to capture
the essence of isomorphic algebras of the local symmetric operators. Even though the
algebra is generated by local symmetric operators, the algebra must contain extended
operators. Patch operators are a type of extended operators, that have an extended spatial
support and are created by a combination of a large number of so-called local symmetric
operators.”’ A patch operator has the transparent property if it commutes with all local
symmetric operators far away from the patch boundary.

So the bulk of the transparent patch operators is invisible, and can be ignored phys-
ically. The boundaries of the transparent patch operators correspond to fractionalized
topological excitations, or the super selection sectors of the corresponding generalized
symmetry. With this understanding, now it is easy to see that operator algebra of trans-
parent patch operators is equivalent to the braiding and fusion of topological excitations
(which is encoded in the algebra of transparent string, membrane, etc. operators). This
gives a correspondence between the boundaries of transparent patch operators in d dimen-
sional quantum systems and topological excitations of the d + 1 dimensional topological
order.

Through such a consideration, Refs. [29, 53] reveals a close connection between iso-
morphic algebras of the local symmetric operators and topological orders in one higher
dimension. Such a topological order in one higher dimension is called symmetry topological
order (SymTO).*!

Note that different set of local symmetric operators may generate isomorphic operator
algebras. In this case, the corresponding symmetries are called holo-equivalent [8]. The
holo-equivalent symmetries give rise to the same local low energy properties and have
the same SymTO. The holo-equivalent symmetries are known in the math literature as
Morita equivalent symmetries. Many examples of holo-equivalent symmetries are given in
Ref. [53].

The algebra of local symmetric operators and their description by transparent patch
operators give rise to derivation [53] of the topological holographic principle: boundary
determines bulk [26,27], but bulk does not determine boundary. The algebra of local
symmetric operators correspond to the “boundary”, and the obtained topological order in
one higher dimension is the “bulk”.

B.2 Phases and phase transitions from SymTO

Through the Sym/TO correspondence, the gapped boundaries of the SymTO can be
mapped to gapped phases of the symmetric systems. The gapped boundaries of topological
orders were classified by Lagrangian condensible algebras in Ref. [19], and thus the gapped
phases of the symmetric systems can be classified by Lagrangian condensible algebras of
the corresponding SymTO.

More generally, Ref. [44] argued that the non-Lagrangian condensable algebras cor-
respond to gapless phases or critical points of the system — see also Ref. [84], for a
closely-related discussion. Each non-Lagrangian algebra, in turn, has an associated re-
duced SymTO which constrains the CFT that can describe the corresponding gapless

49The italicized terms can be made more precise. For a system with linear size L, the patch operators
have a support on a number of sites that is somewhere between O(1) and O(L), say O(v/'L).

“n Refs. [8,29,53] SymTO was referred to as “categorical symmetry”. The name is motivated by
the following consideration: “categorical symmetry” contains conservation of both symmetry charges and
symmetry defects, plus the additional braiding structure of the those symmetry objects. Conservation
corresponds to “symmetry” and the additional braiding structure corresponds to “categorical” in the
name.
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state. In more concrete terms, gapped phases described by Lagrangian condensable al-
gebras A; and Ay have a phase transition corresponding to the non-Lagrangian algebra
A2 = A1 N As. Anyon permutation symmetries that preserve Ajo are associated with
emergent symmetries of the IR theory that describes the corresponding phase transition.
In Ref. [44], the algebraic structure of the condensable algebras did not play any explicit
role. There is a suggestion that the algebraic properties of the order parameters for vari-
ous gapped phases allowed by the SymTO may be encoded in the algebra product of the
corresponding Lagrangian algebra. This connection has not been explored in the literature
yet.

B.3 Holo-equivalence and gauging

Symmetries whose SymTOs are identical were referred to as “holo-equivalent” in previous
literature [8]. This is a much more general statement than the Morita equivalence of
symmetry (fusion) categories in 1+1d, but they coincide in the latter case [128]. In 141d,
for instance, the symmetry categories Vecs and Rep(G) are related under gauging. More
specifically, gauging the entire group G in Vecq, which can be achieved by gauging by the
algebra object Ag = > 4 @g € Vecg, gives the dual symmetry category Rep(G). Here, by
ag we refer to the simple object of Vecq labeled by the group element g € G. On the other
hand, gauging by the regular representation algebra object Aiee = Y pdrar € Rep(G),
where dg is the dimension of the irreducible representation R, gives the dual symmetry
category Vecg. For more details on gauging by algebra objects, the reader is encouraged
to refer to Ref. [24].

Following the discussion in Sec. B.2, we conclude that the phases of systems with
Morita equivalent symmetries should have a one-to-one correspondence in their local, low
energy properties. One way to see this is that since these Morita equivalent symmetries
are related to each other by gauging, only certain global features of the corresponding
phase diagrams should be altered. In particular, we expect the same CFTs (up to global
modifications, e.g., orbifolding) to describe the phase transitions related under this corre-
spondence.

C Details of duality transformations

C.1 Z, Kramers-Wannier duality
The duality transformation of the model H s, is implemented by the operator
Duw =1, PU=1T1 (&t o7 S¥e7A &t ot
KW =z, W ($H,CZy, ) (H3CZ35) - (97 1CZr 1), (C.1)
as discussed in the main text. As written in Eq. (C.1), it has the form of a sequential
circuit where each operator can be thought of as a unitary quantum gate acting on ket

states sequentially starting from the rightmost operator. The unitary operators in Dy
are defined as follows:

(i) We denote by é\ZIJ the controlled-Z operator
) 2
VAR Z7—a DZ=w"
CZ; ;=Y Z;*P/=", (C.2a)
a=0
where ﬁiZ =w" is the projector onto the Zl = w® subspace.

52



(ii) We denote by 51 the Hadamard operator

2
. 1 B Ay B
= 7 S WP X pE (C.2b)
Q,BIO

(iii) We denote by W the unitary operator
2 -
W= Z¢ PA7=", (C.2¢)
a=0
where PZ41Z.=2" is the projector onto Z\I Z ;, = w® subspace. This unitary acts
non-trivially only at sites 1 and L.

(iv) We denote by PUr=1 the projector
1 2L
PU=t= 23 T (C.2d)
a=01i=1
which projects onto the ﬁr =11 sz = 1 subspace.

(v) Finally, we denote by 'EZZ the unitary operator

L1
A e < H l+7-00 1+0,4 T

tz, 5 5 5 , (C.2e)

=1

which implements a “half-translation” of qubits. We note that as written 'EZ2 also
has the form of a sequential quantum circuit.

In what follows, we list the non-trivial action of the Z; KW duality operator (C.1) on
generators of the bond algebra (2.6) at each step of the sequential circuit.

(i) Step 1: The only non-trivial action of the operator (/E\ZTL 1—1 by conjugation is

)?L = 22—1 )?Lv

~ S o (C.3)
Xy X a2y,
Note that the controlled-Z operators commute with all Z operators.
(ii) Step 2: The only non-trivial action of the operator 5TL—1 by conjugation is
EZ,HA(L = XLAXL,
Xy 1Z) = Zp 170,
L-147, L-147, (04)

ZuaZ) s X171

ZL—QZZ,l = Zp 2 Xp 1.

(iii) Step 3: The only non-trivial action of the operator (/?\ZE_LL_Q by conjugation is
XX o 2}, XXy,
X! \Z - Zp X 2},

Zp X1 Xp )

)/(\'L,Q — XL,Q/Z\z_l.

(C.5)
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(iv) Step 4: The only non-trivial action of the operator ,%TL_Q by conjugation is given by

ZE,QXLAXL = XL72XL71XL )

~ i ot vi ¥t 7t

Zr—2Xp (24— X o Xp 2,
XpoZ} v Zi 27},

2L—32£_2 = 2L—3)?L—2-

Following this pattern for L — 1 steps maps )?j to ij;ﬂ for j € {1,2,...,L — 1}, and
Z\jZ\;H to )A(jﬂ for j € {1,2,..., L —2}. This matches the Kramers-Wannier transforma-
tion that we set out to achieve but only for all but a few terms around the sites j = 1 and
j = L. These terms are

)?L '_>5€1)?2---5€L7
Zoa7l o RI% %7 (1)
ZL Z\I — 2[/)?1 .

We now conjugate by the operator /W, which acts non-trivially on X 1 and X L, and trivially

on all other X;. Its action on X; and X 5, delivers
X1 = Zj X,
A (C8)
XL — ZLXL ZLZI

Given this, we find that the three operators on the right hand side of Eq. (C.7) becomes

~ AL AN~

L
X1 Xy... Xy, = 21X Xy X = | [[ X5 ] ZuZ,
j=1

L
Xixi.. . X[_Z, —Z,XIxbXE 7 = | [IX) Xe.
EL)?l r—>)/(:1.

In summary, up to the projector ﬁUv'zl, conjugation by the unitary operators produce

)/(:1 '—)212%, 212; H)?%
)A(Lﬂ = 2L7222_1, 21:7222_1 = )?Lfl )
. S S Lo\ - (C.10)
Xi1 = Zp a7, ZL—1Z,J£ — l_IXJJr Xz,
j=1
)/(:L — HXJ ALZ\I, Z\LZ\I — 5(:1.
j=1

Our sequential circuit achieves what one expects from the Kramers-Wannier transfor-
mation on the qutrits if if we restrict ourselves to the Z; symmetric sector, in which
HJL:1 X'j = 1. This achieved by the inclusion of the projector pU-=1 i operator (C.1).
Notice that this transformation is not yet a symmetry of the Hamiltonian (2.3) when
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J, = Jy and J; = Jg # 0. This is because so far all the operators we considered act on
the qutrits, which leads to a relative half-translation of Z; and Z,. We correct for this by
the final unitary operator %ZQ which implements the transformation

1 ~T ay4 ol oty AT — s} ot/ ~T ~Z
tz, (Ti Ti O Ui>tZQ_<Ui+1 Tit1 T Tz')' (C.11)

This completes our proof that the operator (C.1) is indeed the correct Kramers-Wannier
duality operator. This operator, as written in Eq. (C.1), represents a sequential quantum
circuit of depth 4L — 2.*> We note that this can be straightforwardly generalized to any
finite Abelian group. Our sequential circuit is closely related to one that is given in App. A
of Ref. [87] for general finite groups. One important difference is that our circuit involves
gates (operators) that are not all Zs-symmetric, while the full circuit is so.

Algebra of ﬁKW and other symmetry operators:

Let us note a few more algebraic properties of the duality operator above. First, we find
that the Hermitian conjugate gives

1
_— O
Diw = | II CZry9; | W', P
j=L—1

.|.
L—-1
A T oA
CZj1; 9, | WHE, =P t, W [[51CZj0 ;| » (C12)
j=1

1
—pe (]
=L

7 1

which is also a sequential circuit. The Z; symmetric local operators are mapped by the
unitary part of DI{W in exactly the inverse manner as by that of Dy, i.e.,

7,73 — X, X, = 2,7,
Zy 520, X, Xp 1 ©Zp,Z) g,
L
. . . . (C.13)
A ZZ = X1, Xy = H X; Zr ZL
j=1
L
Z, 7] = T]X | X X, — Z; 7.
j=1

Now applying the projector PUr=1 and the half-translation operator {Zz simply produces
the transformation

DywXj = Zj1Z; Dy, DKWZJ'ZJTH = JD;r{W (C.14)
Dlw (77 # ot o7)= (67 67 47, #.1) Dkws |
from which we observe the relation

42\We note that one can also apply each unitary operator in t; after applying one cycle of controlled-Z
and Hadamard operators rendering the sequential circuit of depth 2L — 1.
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Here, the operator T implements the single lattice site translation of both qubits and
qutrits, 7.e.,

~

v ~ ~X oy ~T ~Z
T(XZ- Z, 1% 17 &} al->

~

T (% - N . N
T _(Xz‘+1 Ziyr T T O Uz‘ZH)' (C.16)

Combining the above results, we obtain the fusion rules

Dy Dyw = P, (C.17a)
and
J J

C.2  Rep(S;) self-duality

We found that our S; symmetric Hamiltonian (2.3a) has a self-duality symmetry in some
sub-manifold in the parameter space. We discussed a sequential circuit that performs this
transformation above. Recall that gauging a Z, subgroup of S5 led us to the Hamiltonian
(3.13) with Rep(S3) symmetry. We now want to know what symmetry, if any, the above
self-duality symmetry gets mapped to. To that end, we would like to follow how each
operator in Dy (recall Eq. (C.1)) change under the gauging map.

(i) We note that acting by Z, on half of the system, i.e., on all degrees of freedom to the
right of particular site, say i, will leave every CZ operator except CZ,, ; unaffected.
This particular operator gets transformed as

2 2
Cliy1,i = Z Zi P pr=we = Z 2P, =
a=0 a=0
2 N (C.18)
= Z ZiiaPZiJFl:wa = CZi+1,i'
a=0

Therefore, if we consider arbitrary Z, gauge field configurations, we obtain the min-
imally coupled CZ operators as

. 2 .
— . Sopd =
CZi+1,i — CZi—&-ili = Z ZiOéM +1PZH_1:0JO‘7 (0.19>
a=0
where we shifted the subscript of the link degrees of freedom by 1/2, as done in the
main text. This minimally coupled operator is the image of CZ,,,; under duality

map as it is unchanged after the unitary transformation (3.4) and the projection in
Eq. (3.7a).

(ii) The Hadamard operator commutes with the charge conjugation operator

1

A

551‘32

S

3

2
S ot g5
K3 K3
,8=0
“ i (C.20)

1 SaB g B
R Y WX = 5,
a,3=0
Hence, the Hadamard operators in ﬁKw are gauge invariant. Similarly, the Hadamard

operator commutes with the unitary transformation (3.4) and is mapped to itself un-
der Z, gauging.
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(iii) As it was the case for controlled-Z operator é\Zz +1,» the unitary W is not gauge
invariant. We find its minimally coupled version

2 2 z
=N ZgPALT s W = Y 28 P A= (C.21)

which is the image of the operator W under Z4 gauging. Note that similar to the
discussion of the minimally coupled CZ operators above, Wy, is unchanged by the
unitary transformation (3.4) and the projection in Eq. (3.7a).

(iv) The projector PUr=1 in the definition of ﬁKW (C.1), under minimal coupling takes
the following form: *3

J

pPU=1 _ Z H % i ]i[ ITi-

aO]l

HH
=

k+1

The unitary transformation, (3.4) leaves the operator Pre unchanged,
1 2 L ~z Hj*l T
D v Y01 Lk=—1 MFE1
P LTI

a=0j=1

2 ~ ~
_ 1 1 +6f % e 1“k+1 1— "_O‘Hk 1Nk+1
_ga 0( 2 )HX i Z X

= J

L

1_1
salllZhit, 1« i b ST A,
[1%; DY H '

Here we used the periodic boundary condition on the 6% degrees of freedom, i.e., 6§ =

(v) Finally, the qubit “half-translation” operator £Z2 after the whole gauging procedure
takes the following form:

L-1
tRep(S3) = Al Bz i+1>

=1
S T C.22
S T+ 1_%‘2119‘61A 2
B; = ; =+ 4 22 BL 52 #01 Cry 11 B

The action of this operator on the generators of the Rep(S;)-symmetric bond algebra
(3.5) can be deduced from the action of 522 on the generators of S3-symmetric bond

43Note that the choice to start the string of Hi41/2’s at k =1 is completely arbitrary and unphysical.
We could just as well put this “branch cut” anywhere else in the periodic chain.
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algebra (2.6). Namely, we find the transformation rules

~Z ~AZ NI

7 Ti i1
7§ i T
i 77 Cy iy g
fRep(s;) T gt — [T éijTl e o (C23)
X, + X, X; + X,
7' 7+ He. 7' 71 + He.
%X (% %)
2 A, (2{‘?“ Zl, - H.c.) 7'z~ He

on the generators of Rep(S;)-symmetric bond algebra (3.5).

Since we gauged the original Z, symmetry with periodic boundary conditions, we will
end up in the symmetric sector of the dual Z, symmetry, generated by [ - Therefore,
we must include a projector to this symmetric sector in the gauged duality operator.** So
the full gauged operator has the form *°

1+ 11, 5

DRep(s3) = iRep(sg) fj Py Do, where

2 L-1 -
. . e
Do:= | Zf Pyt gy e I 9} cz,.35

a=0 j=1

We can further simplify lA?Rep( s3) since

147171 4% T4+TL40%5 14w 1 /. . 1 /o~ o~ _
1;[-7#/]Pm(:: ];[]N] +3 2:6<1+W]‘/><1+W2):6(W]‘+W]‘/+2W2>

Hence, we have BRep(Sg) = % </V[71 + /Wll + 2/1/172) lA?O, which we denote in short as ZA)Rep(SS) =

ﬁregﬁo, where ﬁreg = %/V[Zeg is the projector to the Rep(S3)-symmetric sector, as discussed

in the main text.
Under the action of Dy by conjugation, going through calculations similar to those in

Sec. C.1, we find the following operator maps:

~

~ ~ S—pE 5=k 5 St
XL_Q — ZL_QZLil ZL72 ZL—l — XLfl
1T

o~ o~ ~__ A~_ (T o~ ~
Xp 1= Zp 2" Z;"mz = X]

and

L-1
it oI SIS i | 5
Z "7 Z, 1%, Zr
i=1

44Tn fact, without this additional projector, the gauged duality operator would not actually commute
with the Hamiltonian (3.13) on the self-dual manifold of parameters described by Ji = Ja, J5s = Js.
“Note that %Rep(Ss) commutes with the projector an’uj
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L1 Lot oea .
XL~ Z, ~IL A H XJ.H’“:J' Pl 20X 2oz
j=1

A~ N AN ~_

In the above, we used ﬁ/\mchw& = Xiréiff and VVmCXLI/VmC =71 X121.7, M The
last two transformations can be re-written as

-1 i1 am Hj 'ﬁ‘;
777, v 7, 17 11 )?J.szo Hhts 7 (C.24)
7=1
_ I1; A5
L (77 elihs S o 5 oo
X Z, 00 X Zp Xy ZpZ, " (C.25)
j=1

Next, note that ﬁreg commutes with the first set of operators above, but for the last
two we have

I1; A5
ﬁreg ZL IL; A5 H XHk 0#k+1 Z\ _ ﬁreg Ir[lXHk oﬂk+1
J=1 j=1
L-1 R
_ Preg H XHk o“k+1 X XT
J=1

1+H 'uj AO‘H( 1“2...1 H Q sl af o
_ ZH HXkOk—H XJJXT
L L

aO] 1

1+H MJ+1]. oz+u)]_[ i ~
=2 §||X D= o gt - 1 B
L —reg

2 aO]l

and
_ I1; A3
Py 2,0 ch“k o) 2Ry 202,

= ﬁreg H XHk: Oﬂk+1 )?llj[] ,uj /Z\LZ\I_IJ%

1+ X 1 2 L Y +a% j:l Nz ~ o~ AT
_ I;IJ :uj g Z H Xj(a M1) [T Hev1/2 ZLzl - ZLZ1 Preg
a=0 \j=1

Finally, we act with the unitary ’ER ep(S,)’ whose action on the Rep(S3)-symmetric bond
algebra is outlined in Eq. (C.23). In all, we have the following transformations of the
operators appearing in the Rep(S3)-symmetric Hamiltonian (3.13):

(i) For operators )A(j +H.c.,

BRQP(Sg) ()?j —I—HC) = tRep( Sy) (Z Z 'U'J+1 + ZTZ;LJJrgl) PregDO

= tRep(S3) (Z“J+1 Z;+1 =+ HC) Pregﬁo = (Z“J+1 Z;r+1 =+ HC) ﬁRep(Sg) .
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(ii) For operators Z Fin gt

j+1 + H.C.,

~

Drep(s) <Z M7 +He ) = trep(sy) (Ki41 + 1) ProgDo = (X1 + Hec.) Drepisy) -

(iii) For operators )/fj —He,

~ > I v
Dhep(ss) (Xj - H.c.) = trep(s,) (Z Zlm 717 gl) Preg Do

p —i ~
= tRep(s,)Hj+1 (Z JHZJTH Z] JﬂZJJrl>P egDo

s f ~
= #2527 2],y — He.) Drepsy)-
(iv) For operators 77 i, (Zu’+1 Z;r_H - H.c.)7

i : o S S ~ =~
DReP(SS)T :U’erl (Z o ZzT—s—l - HC) = tRep(SS)Tz'Z :U’;'UJrl (Xj+1 - X;'L+1) P’/‘egDO
= (T2 = X) Drents-

(v) The J3 and J4 terms in the Hamiltonian (3.13) are left invariant, even though some
indices get shuffied.

D Details about numerical methods

Let us briefly comment on how the TEFR, algorithm works. We Trotter-ize the imaginary
time path integral (or, partition function) associated with the Hamiltonian to obtain
a rank-4 tensor 7. Since the lattice models have discrete space but continuous time,
we implement a renormalization transformation along the time direction to obtain an
“isotropic” partition function tensor Tis,. The full partition function can then be expressed
as a network of these tensors Tis,. Applying the TEFR algorithm [97,98] entails multiple
iterations of singular value decomposition and tensor contractions; finally, we reach a fixed
point tensor T , whose largest eigenvalue has the form

A*:GSD~exp< EOT—}—% —l—O(I;)) (D.1)
where T is the total length of the compactified imaginary time direction, GSD is the ground
state degeneracy, Fy is the ground state energy, and c is the central charge which is only
non-zero when the system is in a gapless phase described by a CFT at low energies and v
is the “velocity” of the linear-dispersing mode of this CFT. Since v in general depends on
details of the microscopic Hamiltonian, the precise numerical value of the central charge
is difficult to extract. However, we should note that the algorithm is quite efficient at
distinguishing gapless regions of the phase diagram, which have non-zero ¢, from gapped
regions where ¢ = 0 (within pre-set limits of precision). By benchmarking various known
limits, we also find that relative values of ¢ extracted using this approach are in practice
reflective of the true central charges of the corresponding CFTs.

In order to extract numerically precise central charges, we used the density matrix
renormalization group (DMRG) algorithm from the iTensor library [99,100]. Specifically,
we used the Calabrese-Cardy formula [129] for the entanglement entropy of 1+1d CFTs,

S(¢) = =log <2L sin 7}/6) + 1, (D.2)

™a
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Figure 16: Central charges extracted from fits to the Calabrese-Cardy function,
as discussed in the main text. Figure (a) is consistent with Potts criticality,
Figure (b) is consistent with Ising criticality, and Figure (c) is consistent with a
stacking of these two CFTs. The departures from exact values of ¢ = 0.8,0.5, 1.3,
respectively, are due to the effects of finite system size. For these plots, we set
the system size as L = 100 and performed the central charge fits on the bulk sites
by removing 30 sites from each boundary.

where £ is the size of the subsystem, L is the size of the full system, S(¢) is the entanglement
entropy of the bipartition of the full system into two pieces of size £ and L — ¢, a is the
lattice constant of the lattice model described by a CFT at low energies, and c is its central
charge. By computing S(¢) in the ground state for £ = 1,... L — 1 and fitting it to the
above functional form, we can quite reliably extract the central charge. We show examples
of this method for two points in the phase diagram Fig. 3 of our S3 spin chain (2.21) in
Fig. 16, to demonstrate the quality of the fits.

E Gapless boundaries of 53 SymTO

E.1 3-state Potts CFT boundary

The 3-state Potts CFT is a (6,5) minimal model. This CFT can be realized as a so-
called 1-condensed gapless boundary of the 2+1d S; topological order. Using the SymTO
point of view, this gives us a way to identify operators of the CFT that carry various
symmetry charges and symmetry twists. The vacuum sector Z; contains contributions
from local operators that are uncharged under the full S; symmetry. The 1’ sector contains
local operators that carry the sign representation of S;, and hence are charged under the
Zy subgroups of S5 but uncharged under the Z3 subgroup. The 2 sector contains local
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operators that carry the 2d irrep of S5. The sectors labeled by b and ¢ contain (uncharged)
operators that live on the boundaries of symmetry defects, whereas the sectors labeled by
r1,T2, 51 contain charged operators of the corresponding symmetry-twisted sectors.

From modular bootstrap calculations, we find the following as the only 1-condensed
boundary of D(S3) constructed out of the conformal characters of the Potts minimal
model:

219(53) _ m6><m76_|_xm6><m76 _'_Xm6><m76 _|_Xm6><mi6

170;170 573757_3 6 26 —% 10,’;710 -5

D(5'3) _ . mbxmb mb6xXmb m6xm6 m6xm6
2y = X005,-3 F X5310° T Xg 200,17 T Xi076,-2
9 o} o]

D(S3) _ . m6xmb mGX%
Z2 37313 7% + 87 115787

ZD(Sg)_ m6><m62+ m6xm6
r

2 1
37313 3 8715787 15 (E'l)
7D(S3) _ m6Xxm6 m6XxXm6 m6><m76 + m6><m76
r 1,0:3,—2 5,3;3,— 2 6,2:8,— = 10,2;8,— 1

D(S3) _ . m6Xmb m6xm6 m6xm6 m6xm6
ZT? X3,§,1,0 + 3,25, 3+ 8,115,6——+ 8,7:10,—

ZD(S3)_Xm6><m61+ m6xm6 13+ m6xm6 + m6><m6
s

1 13 1 Xg 21
2,121 4,8,4 7,40,7—— 9,2k:9 21
Z@(Sg) _ .. mb6xmb +x m6xm6 +x m6xm6 +x m6xmb
S 1 13 13 1 1 21 21
2’8’4_7 4’8’2’ 7’40’9_7 9’40’7_7

The various terms in each component of the partition function are conformal characters
of the (6,5) minimal model. The expression XZ?I?:;ZG—hb is a short-hand notation for the
product of the left moving chiral conformal character associated with the primary operator
labeled a (set by an arbitrary indexing convention) with conformal weight (h4,0), and the
right moving chiral conformal character associated with the primary operator labeled b
with conformal weight (0, k). The superscript m6 x m6 indicates that both the left and
right moving chiral conformal characters are picked from the same (6,5) minimal model.
Note that in the above multi-component “SymTO-resolved” partition function, the 1’
sector contains the primary operators with odd charge under the Z, subgroups of S;. All
of these operators have non-zero conformal spin since h # h for all of them. However,
we can construct descendents with zero conformal spin. All such descendents have scaling
dimension greater than 2 and hence must be irrelevant perturbations of the CFT.

E.2 3-state Potts X Ising CFT boundary

Similar to the previous subsection, we can perform a modular bootstrap numerical cal-
culation to identify gapless boundaries of the 24+1d S5 topological order, considered as a
SymTO. The following multi-component partition function shows the various symmetry
charge and symmetry twist sectors for the S3 symmetry:

Z'D(Ss) m4><m6><m><m76+ m4><m6><m><m76+ m4><m6><m><m76+ m4><m6><m><m76
1,031,0;1,0;1,0 1,0;5,3;1,0;5,—3 X1,0:6,2;1,0:6,—2 X1,0,10,Z;1,0510,—
4 m4xm6xmdxm6 4 m4xm6xmdxmé Xm4><m6><m4><m6 4 m4><m6><m4><m76
T .
2,4:1,052,— £35,—3 2,7%15,3;2,— 15;1,0 2,4:6,2:2,— -;10,— 2 2,4310,2;2,— 1L16,— 2
4xm6xXmidxmb6 maAxm6xmidxmb madxm6xmdxmé6 maxm6xmdxmé6
+ X5 + + +
3,1;1,0:3,-1;1,0  X3,1:533-1:5-3 1 X3,1,6,2,3 16,2 3,1;10,1;3,—1;10,— I
Z'D(SB) _ m4><m6><m><%+ m4><m6><m><%_~_ m4><m6><m4><m6+ maxm6xmadxmb
1 — A1,0;1,051,055,—3 X1,0;5,3;1,0;1,0 1,056,2;1,0;10,— £ X1 ,0;10,%;1,036,— 2

m4><m6><m4><m6+ m4xm6xmaxmbé + m4xm6xmaxmbé + m4xm6xmaxmbé

+
X2,16,1,02——6,1,0 2,45,3;2,— 1535,—3 2,75:6,2:2,— 15:6,— 2 2,%:10,Z;2,— &:10,—

+ m4><m6><m4><m6_|_ m4><m6><m4><m6+ m4xm6xmaxmb m4><m6><m4><m6

3,%:1,0;3,—1;5,-3 3,%:5,3;3,—1;1,0 3,3:6,2;3,—1;10,— X3.1.10,1 i3,—3:6,—2

+

129+ YsF
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ZD(SS) _ m4><m6><m><m76+ maxm6xmidxmb 4 maxm6xmadxmb +Xm4><mG><m4><m6
= 3.2.10:3 _2 .8 L.10: 1 1.9 2. 1.9 2 1.g 1 1. 1
2 1,0:3,5;1,0:3,— 3 1,0;8,75;1,0:8,— 13 2,16:3,5:2,— 163~ 3% 2,76:8:1512:—16:8 " 15
+ m4xm6xmadxmbé + m4xm6xmaxmb6
1.92.9 1.9 2 1. 1.9 1. 1
3,533,5:3,—333,— 3 3,538,75:3,— 38— 15
7D(Ss) _ m4xm6xﬂx%+ m4xm6Xxmdxmé +Xm4><m6><ﬂ><% +Xm4><m6><ﬂ><%
r 1,033,3;1,0;3,— 3 1,0:8,7531,0:8,~ 15 2,16:3,552,— 16:3,— 3 2,768,152, 1558~ 15
+ m4Xm6XxXmdxm6 + m4Xxm6Xxmdxmé
1.92.3 _1.3_2 1. 1.g 1. 1
3,3:3,5:3,—3:3,— 3% 3,3:8,15:3,—3:8,— 15
7D(8s) :Xm4><m6><M><m76+ m4><m6><ﬂ><1176+ m4><m6><ﬂ><m76Jr m4Xm6XmidXxmb
1 1,0;1,0;1,033,— 3 1,0;5,3;1,053,— 3 1,0:6,2;1,0:8,— 15 1,0510,%51,0;8,~ 75
4xmb6xmidxmb m4dxm6XxXmdxmé m4dxm6xmdxmb6 m4dxm6xmdxmb6
+ X5 1 2 T Xo 1 1 2 T Xg 162 1 1+ Xy 1 7 1 1
2,7631,052,— 1533,— 3 2,153:5,3:2,— 1553, — 3 2,7636,5:2,— 15:8:— 15 2,15510,552,—15:8,— 15
4xmb6xmidxmb m4dxm6xmdxm6 m4dxm6xXmidxmé m4dxm6XxXmdxmé
+ X5 1.9 21 1 1 2 T 1.5 2 1 1+ X301 7 1 1
3,3:1,0:3,—353,— % 3,3:5,3;3,—5:3,— 3 3,5:6,5:3,—3:8,— 15 3,5:10,%:3,—5:8,— 15
D(S3) _ . mdxmbxmdxmb m4xm6Xxmdxmé m4Xm6Xmdxmb m4dxm6xmdxmb6
Zr 7 = Xdoa 2000 T X103,20,05,3 T X108 L1062 T X108 510,10,
4xm6xmidxm6 m4xm6xmaxmé m4Xm6XxXmdxXmb m4Xm6Xmdxmb
+Xm1 2 1 +Xo 1a2 1 + X5 1 1 1 2t X5 1 1 1 7
2,7633,332,— 1651,0 2,76:3:3:2,— 1539,—3 2,76:8: 1512166, — 3 2,16:8:15:2,— 16:10,— 5
m4Xm6XxXmdxm6 m4xm6xmdxmé m4Xm6XxXmdxmb m4Xxm6Xxmdxmé
T X31.8.2:3-1:1.0 T X3,1:3.2:3 153 T Xg1ig Ly 1 2T Xgag 13710 1

1939533 371 '35 39239575 3239575

D(S3) __ . mdxmbxmixmb maxm6xmadxmb maxmbxmaxmb6 maxm6xmadxmb
257 = X,k b2 T X0 ey T X0 s T g Car X g0 m L
4Xm6xmdxmb m4xm6xmdxm6 m4xXmb6Xmdxmb m4XxXm6XxXm4dxXmb
+Xm1 1 1 1+ X 1, 18 1 13 T Xo 1 1 1 1t Xy 1 21 1 21
2,7632:832:— 1632, 8 2,150 %2154 —% 2,76:7 3032~ 1637~ 10 2,76:9:35:2— 169~ 1%
4Xm6xXmdxmb m4xXmb6XxXm4dxmb m4dXxm6xmdxm6 ma4XmbXxXm4dxmb
+Xml 1 13 T X113 1+ Xa1 1 21t Xa 1.9 21 1
37§§27g§1’0§4a*§ 3y§§4,§§1;0§2’*g 3’5?7’m§1’0§9a*5 3,5;9,5;1,0;7,75
Z'.D(Sg) — ,mAXmbxmdxmb + m4xXmb6xXm4xmb + Xm4><m6><m4><m6 + maxm6xmdxmoé
51 1,052,433, — 5:2,— § 1,04,43:3,— 434, 1,057, 35:3,— 57— 40 1,039,%533,— 339, — 55
4 m4XxXm6XxXm4dxmb6 +Xm4><m6><m4><mﬁ + m4xm6XxXmdxmb + m4Xm6XxXmdxmb6
1.9 1. 1. 13 1., 13. 1. 1 1.7 1. 1. 21 1.9 21. 1. 1
2,762,852, — 14— % 2,764 %32, — 1§32~ 35 2,76:72012— 169~ 15 2,76:9,95:2:— 167 — 30
4Axmb6xmidxmb m4dxm6xmadxmb6 m4xm6xmdxmé maxm6xmdxmbé
+ m1 1 1 T 1.4 13 13 T 1 1 1+ 1.9 21 21
3,4:2,51,02,-1 T X3 1i4,2800,0i4,-13 T Xg L7 07— 8 T X3,150,2801,009,- 2

This multi-component, SymTO-resolved, partition function is constructed out of the
conformal characters of the primary operators of the Ising (labeled as m4 indicating it is the
(4,3) minimal model) and the Potts (labeled as m6 indicating it is the (6,5) minimal model)

CFTs. Similar to the convention in Eq. (E.1), the expression XTﬁf?%ﬁ@ﬁ@ h, 18 & short-

hand notation for the product of the left moving chiral conformal characters associated
with the primary operators of the Ising and Potts CFTs with conformal weights (hg,0)
and (hq, 0) respectively, with the right moving chiral conformal characters associated with
the primary operators of the Ising and Potts CFTs with conformal weights (0, k) and
(0, hg) respectively.

The only sector relevant for the purposes of this paper is the “vacuum” sector Zi,
which contains the S3 symmetric operators constructed out of the primary operators of
Ising and Potts CFTs. Note that there are 3 relevant operators that have zero conformal
spin. These have scaling dimensions %, 1, and %. They correspond to the three relevant
perturbations explored by the couplings J; — Jo, J3 — Jy, and J; in Sec. 2.3. Only J3 — Jy
is unchanged by the action of the Zs KW duality.
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F Spin chain with G symmetry and its gauged partner with
Rep(G) symmetry

In this appendix, we present a simple manifestation of the fact that upon gauging G
symmetry of a spin chain, with on-site Hilbert space identical to the regular representation
of G, one obtains a dual spin chain, also with on-site Hilbert space identical to the regular
representation of GG, that has Rep(G) symmetry.

We consider a tensor product Hilbert space in one spatial dimension, where the on-site
Hilbert spaces are |G| dimensional, and spanned by orthonormal basis vectors labeled by
group elements, i.e.,

H=w®Hi, Hi;=span{lg)|g <€ G} (F.1)

Then, we can construct a spin chain symmetric under G (0-form) symmetry, using two
families of local symmetric operators.

Ho=Y (Ei+J&-¢+1) (F.2)

i€sites
where, Zl = hea Lh; and L*; acts on a basis vector at site i by left multiplication, i.e.,
Lhigi) = |hgi) - (F.3)

and
Oiit1 =Y Ogigiir [{o){g}] (F.4)
{9}

It is straightforward to check that this Hamiltonian has a G symmetry that acts by left
multiplication on the basis vectors,*%

U= [[ I (F.5)
iEsites

where h is any element of G. The G symmetry is reflected in the fact that Hs commutes
with all Uy,

A dual model can be defined in terms of degrees of freedom on links instead of sites.
The local Hilbert space on each link is isomorphic to the one described in Eq. (F.1),

H = Qietinks Hi»  Hi =span{|g) | g € G}. (F.6)
The Hamiltonian for this dual model is defined as

Hrep(c) = > (@¢+J3(i,i+1)> (F.7)

iEsites
where @Z = hea 627‘1», with @Z acting as
QM| -1y GGty ) = |- G- PGy ) s (F.8)

and A(i,i—l—l) defined as

Rjiivt) = 3 0gsne NG (F.9)

{g}

46Tt also has another independent G symmetry that acts by right-multiplication. We will ignore this
symmetry in the present discussion. To be concrete, one can include additional terms in the Hamiltonian
that explicitly break this symmetry, while preserving the G symmetry acting by left-multiplications.
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where e is the identity element in G. In the equations above, we have parametrized the
links with pairs of successive site indices (7,7 + 1).

Let us show that the model (F.7) can be obtained from the model (F.2) by gauging the
symmetry G. To that end, we introduce link degrees of freedom and enlarge the Hilbert

space to , .
7{large _ g sites Q 4links (F.10)

where H'"8 = @;cpinHy, with H; = span{|g) |¢ € G}. Next, we minimally couple our
gauge field degrees of freedom (on the links) to the site degrees of freedom by modifying
the second term of (F.2) to

“+1 - Z JO,- T GG gi410e
{9,9}

{9.91){9. 9}, (F.11)

where by {g,g}, we refer to the basis vectors of H!##¢ labeled by G-variables on both
sites and links. Next, we impose the Gauss law constraints to project down to the smaller
physical Hilbert space HP"WS., We define the Gauss law operators via its action on the
enlarged Hilbert space basis vectors,

G| GG-1.3)2 95 9Gg41)s -+ ) = |-+ GG=1)h " hgyy R gy ) (F.12)

We can compactly express Gg‘ in terms of the operators ﬁj and @j introduced in Eq.
(F.3) and Eq. (F.8), G"; = Lh; Q";. The physical Hilbert space is given by

h ~ lar

On this reduced Hilbert space, G"; acts as the identity operator, by definition. So as far

—

—~ — —1
as states in HPMYS are concerned, L"; acts as (th) = Qh! ;- Let us now gauge-fix

using the unitary operators,

U{'yj}: H G’ij. (F.14)

jEsites

In other words, we start with an arbitrary state
| »9(-1.3) 99> 9G.j+1) - > € Hiee (F.15)

and gauge-fix by applying (,Af{%.} with v; = g;, to end up with

" . agjflg(j—l,j)gjila eagjg(]}j-l-l)gji&la s > . (Flﬁ)
Thus our gauge-fixed states ) .. ,§(/j_1 i) g; , g(’j JERITRRS > are given in terms of the original
site and index labels by
~1! ~ —1 ’
961 = 959G+09 110 95 = € (F.17)

e., the gauge-fixed states all have the site degrees of freedom labeled by the identity
elg\ment of the group G. On these states, our minimal coupling term (F.11) becomes
JA (ji+1) so that the full gauge-fixed gauged Hamiltonian takes the form

HRep(G Z Qi+ JAji,

i€sites
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thereby deriving Eq. (F.7). We note that the gauge-fixed Hilbert space does have a tensor
product structure, unlike #P?s. Therefore, it makes sense to refer to this model as a “spin
chain”.

Turns out, the Hamiltonian (F.7) has the non-invertible O-form symmetry described by
the fusion category Rep(G).*” The associated symmetry transformations are implemented
by the operators

Wp=> TrR ( I1 @) g (F.18)

& l€links

where R takes values in the set of irreducible representations of G, namely the simple
objects of Rep(G). The first term in Hamiltonian (F.7) commutes with Wx due to the
fact that R(h~1)R(h) = R(h~'h) = R(e) = 1, on account of R being a representation of
G. The second term commutes as well since both WR and this term are diagonal in the
product basis of the link degrees of freedom.

G Fermionic SRep(S;) symmetry

In Sec. 3, we constructed the Rep(S;)-symmetric Hamiltonian (3.13) form S;-symmetric
Hamiltonian (2.3) by gauging the Z, subgroup of S;. An alternative way to gauging this
Z4 symmetry is to introduce Z, link degrees of freedom that obeys fermionic statistics,
which implements the so-called Jordan-Wigner (JW) transformation [23,130,131]. Such a
JW transformation is viable also for gauging the Z, subgroup of Ss-symmetry and delivers
a super fusion category symmetry SRep(Ss) (see Ref. [132] for a discussion from topological
quantum field theory perspective).

G.1 Jordan-Wigner duality and constructing SRep(S;) symmetry
We follow the strategy employed in Ref. [133] and introduce two Majorana degrees of free-

dom {ﬁi +1/20 51 41 /2} on each link, which satisfy the fermionic anticommutation relations

{771'+1/27 éj-‘,—l/Q} =0, {77@‘+1/27 77j+1/2} = {éi—l—l/Q? éj-‘,—l/Z} = 2%‘- (G.1)

Without loss of generality, we impose periodic boundary conditions on the fermionic de-
grees of freedom, i.e., ﬁi+L+1/2 = +ﬁi+1/2 and éi+L+1/2 = —|—§CZ.+1/2 and set the cardinality
of the lattice to be even, i.e., L = 0 mod 2. To gauge the Z, subgroup of S;, we define
the pairwise commuting Gauss operators

~ . ~ 12 .
Gi = 161/ o 75 Cj Nit1)2: [Gﬂ =1, (G-2)

where, as opposed to the Gauss operator in Eq. (3.2) the local representative of ﬁs Ssym-
metry is sandwiched between fermionic operators. Just as it was the case before, we
define the gauge invariant subspace to be the one for which the Gauss operators are set
to identity.

In a similar fashion to Sec. (3), by minimally coupling the bond algebra (2.6) we can
construct a gauge invariant bond algebra. To this end, we define the pairwise commuting
local operators

A e A N ~ . .2 a4
Div1y2 = & 1/0Mig1/25 [pi+1/2’ Diyij2| =00 Pipijpp =1, (G.3)

“TThis explains the subscript on the dual Hamiltonian (F.7).
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which are local at the links i + 1/2. The minimally coupled bond algebra is then

iz oa . ST =P = p;

sz+1/2 Py, 08, 7, <Xi —|—XJ) , (Zi +1/2 ZT +Z Dit1/2 ZH—I) ,

65 (X - XJ) ) 7A— ﬁ i+1/2 <2fi+1/2 Z\Z'T-i-l - Z\;pi+1/2 Z\iJrl) ‘ éf = 17 (S A>7
(G.4)

where the local operator p, /2 acts as a Zy-valued bosonic gauge field. Physically, this

operator measures the local fermion parity at link ¢ + 1/2. We implement an analogue of
the unitary transformation (3.4) such that

~

U AfU 157, 1/20 i 7 G Nit1/2: Ué;i Ut = o7

v AT - Ai; U0t i o (@.5)
UXZ U — X 3 U lUT = Z.Z s

U i+1/2 = §i+1/2 Oit1s Uﬁz’+1/27 Ut = &fﬁiJrl/Q’

which simplifies the Gauss operator to U ézF Ut = of. Setting 67 = 1 and shifting the
fermionic link degrees of freedom to sites by i+ 1/2 — i+ 1 delivers the dual bond algebra

R 1817, —i; 1,
%F = <Ti 157,4—1 nz—l—lv 16 C 7724—1’ (X + XT) <Z B ZzT—i-l + Z e ZH—I)
Y Y i€, 17, A*iéi M; = .
(XZ- —Xj) FE9Es 1 <Z wl gtz S Zm) ‘ i€ A>. (G.6)

By comparing with the bond algebra (3.5) of Rep(S;)-symmetric operators, we conclude
that the generators of the bond algebra (G.6) commute with the operators

W

1,
L L
H EHﬁw
i (G.7a)
1 T oTTha iy iy i, i
AN o 21§, 1 o 51§, N
_2<1+1_[11§i77i> [Hsz2 k k+Xi k=2 16k T,
1=

=1

These operator satisfy the fusion rules

W~ W, Wiy WyiWy— Wy IV, + o (.7h)
Note that the operator Wp implements the Z5 fermion parity symmetry, which is special
in the sense that it cannot be broken explicitly or spontaneously and is a symmetry of
any fermionic model. We call the symmetry generated by operators (G.7) the super fusion
category SRep(S3), where the adjective super signifies the non-trivial inclusion of fermion
parity symmetry into the fusion category.

On the one hand, one verifies that the image of the gauged Z, symmetry (75 is

L L
Hléz Mit1 = (‘DH@ i (G.8)
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where we used the facts that L is even and we imposed periodic boundary conditions
on the fermionic degrees of freedom. On the other hand, imposing periodic boundary
conditions on both fermions and bosons imply that image of 1 =[], 6767, is

L
[T 5 =w,. (G.9)

1

Therefore, we conclude that the duality between the bond algebras (2.6) and (G.6) holds
in the subalgebras

B =wel G.10
S5 U,=-1 F W,=+1 ( )
G.2 Hamiltonian and its phase diagram
Using this duality, we can construct the image of the Hamiltonian (2.3) as
L £ £ L
7 Zit1 g1 7 7 %1 i1 7 % %
Aspesy == h Y (25000 20, + 27570 2 ) = 0y 3 (R X))
i=1 i=1
L L
—Jy Y (i i) = Ja Y (7 Gt +77)
! = (G.11)
Ay R ~ Aiéi fll > A_iéi ﬁz I
—J5 Y i€ fin (Zi izl =z e Z¢+1>
i=1
L A~
—Js i (Xi- X)),
i=1

which is symmetric under the SRep(S;) symmetry generated by operators (G.7). By
duality, the phase diagram of this Hamiltonian has the same shape as that of Hamiltonian
(2.21). Without loss of generality, we set J; = J; = 0 and identify the following ground
states corresponding to four fixed-point gapped phases.

(i) When J; = J, = 0, Hamiltonian (G.11) becomes

L L
HeRep(s,)i2,3 = /2 Z (Xi + XJ) —J3 Z (ﬁ‘z + 7716 77z+1> (G.12)
i—1 i—1

There is a single nondegenerate gapped ground state

L

|GSyiy) = ® 7 =1,i§n; =1, X; =1), (G.13)
i=1

which is symmetric under the entire SRep(S;) symmetry. This ground state carries
even fermion parity and is a trivial invertible fermionic topological state. For that
reason we call the phase trivial SRep(S;)-symmetric phase.

(ii) When J, = J, = 0, Hamiltonian (G.11) becomes

L . .
7 5171 5 5= 1M 5
Hgep(s,),3 =~ 1 Z <Zi L ZZT+1 +2z; Zi+1)
i=1
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(iii)

(iv)

L
—J3 Z (ﬁ‘z + 7711 ﬁi+1) : (G.14)

i=1

There are three degenerate ground states

L
=1

These ground states preserve the Z5 fermion parity symmetry generated by /Wp while

they break the non-invertible /I/I72 symmetry. Under the latter each ground state is
mapped to equal superposition of the the other two, i.e.,

W, [GS}) = [GS}) +GS}) .
W, |GS?) = [GS?) + |GS,) (G.16)
W, |GS)) = [GS}) + |GS2) .

Each ground state realize a trivial invertible fermionic state. We call this the trivial
SRep(S;)/Z5 SSB phase.

When J; = J; =0, the Hamiltonian (G.11) becomes

L L
HeRep(s,)i24 = — 2 Z (Xi + XJ) -Jy Z (ifz' 7 Ciflig1 + %ix) . (G.17)
i=1 i—1

There is a single nondegenerate ground state

L

‘GSKitaev> = ® ‘sz =1, 1 Niy1 = 1, X; = 1) : (G18)
i=1

As opposed to the ground state (G.13), the fermions in this ground state realize a
non-trivial invertible phase of matter, i.e., the ground state of the Kitaev chain [134].
When open boundary conditions are imposed, the ground states become twofold
degenerate with unpaired Majorana degrees of freedom at each end of the chain.

Ground state is symmetric under Zg subgroup and carries odd fermion parity (G.18),
i.€.,

Wp ’GSKitaev> = - ’GSKitaev> . (Glga)
Because of this, it is annihilated by the non-invertible W2 symmetry
W2 |GSKitaev> = 0. (Glgb)

Interestingly, Hamiltonian (G.12) has a non-degenerate and gapped ground state on
which the non-invertible symmetry operator does not act. Since the expectation
value of the non-invertible symmetry operator vanishes in this ground state, we call
this the Kitaev SRep(S;)/Z5 SSB phase.

When J, = J; = 0, the Hamiltonian (G.11) becomes

L . .
~ ) SiE 1 T St S—ig 1, ~
HSRep(SS);lA =—J; E (Zi L Zz‘+1 +Z A Zi+l)
i=1
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L
—Jy Z <1£7, 7 iy + ﬂgc) : (G.20)

i=1

There are two degenerate ground states. First, there is a ground state obtained by
setting Z, = 1 for all sites that is given by

L
‘GS§<> = ® |Tzz =Lignn,=12;= 1>~ (G.21a)
=1

The second ground state is *®

L
. 1 .
|GST™) = 5L/2 E $1 (@ |78 = 1,i&m; = 5,81, Z; = W™ ) . (G.21b)

{si=%1} i=1

Fermionic degrees of freedom in the former ground state (G.21a) realize the Kitaev
phase, while they are in the trivial phase for the latter ground state (G.21b). These
two ground states transform under SRep(S;) symmetry as

W, |Gst) = —|ast), W, |asT™) = +[asI™).

W, |GSY) = W, |GST™Y) = —|GSP™ (622
2 |GS1) =0, Wy [GS;™) = —[GS™).

We note that while ground state ‘GS§<> breaks Wz symmetry, GS}HV> preserves
the entire symmetry group. Since fermionic degrees of freedom realize trivial and
non-trivial invertible fermionic states, we call this phase mixed SRep(S;)/Z5 SSB
phase.

We identified four gapped fixed-points and constructed the corresponding ground
states. We can deduce the shape of the phase diagram using the duality between Hamil-
tonians (2.3) and (G.11). In Fig. 17a, we show the phase diagram of (G.11) when
Js = Jg = 0. We deduce the continuous phase transitions also using the fact that the
duality transformation does not change the central charge. We replace the Ising CFT with
Majorana CFT which are known to be dual to each other under JW transformation we
implemented.

We note that since fermion parity symmetry Zg cannot be spontaneously broken, in
all gapped phase the only possible symmetry that can be broken is SRep(S;)/Z5. We
observe this in three of the four gapped phases. In each of the these three gapped phases,
there is a distinct SRep(S3)/Z5 SSB pattern showcasing a rich possibility of phase diagrams
when non-invertible symmetries are spontaneously broken. We distinguish these symmetry
breaking patterns by ground state degeneracy and whether the degenerate states realize
trivial state or Kitaev state (see Fig. 17a).

G.3 Alternative Jordan-Wigner duality

There is a second way to gauge the Z, subgroup of S5 symmetry using fermionic gauge
fields, which also delivers an SRep(S5). This alternative way differs from the discussion in

“*Much like the ground state (3.36b), it is not obvious that ‘GS?'W> is shot-range entan-
gled.  However, there exists a finite depth local unitary circuit that prepares this state from

the product state ®iL:1 [Tf = 1,iéi ;= 1> ® % (1Z; =w)+1Z; = w*))] Namely, ’GS?1V> =
Hle C*]F R, [Tf“ =1,i; i1 = 1> ® % (1Zi=w)+|Z; = w*))} where GJF is a kind of CZ operator

that acts as the identity operator if Z; = w and as iéj,lﬁj if Z; = w”.
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Trivial SRep(S;) .
J 4 B 3 J4 Kitaev SRep_:(S3)
symmetric

GSD=1 GSD=1

®c=1/2 c=1/2

Multi-criticality Multi-criticality

: Mixed : Mixed
§ SRep(S3)/ Z; SSB i SRep(S3)/Z§ SSB
GSD =2 GSD =2
Ji 1, JilJy
(a) (b)

Figure 17: (a) The phase diagram of Hamiltonian (G.11). Since the fermion
parity symmetry SRep(S;) cannot be broken (explicitly or spontaneously), in
each gapped phase SRep(S;)/Z% is broken if SSB takes place. There are three
distinct SSB patterns that are distinguished by ground state degeneracies and
whether if the fermionic degrees of freedom are in trivial or Kitaev phase. The
corresponding fixed-point ground states are given in Eqs. (G.13), (G.15), (G.18),
and (G.21). (b) The phase diagram of Hamiltonian (G.28) that is equivalent to
Hamiltonian (G.11) by half translation (G.24). Because of the unitary equivalence
the phase diagram of the two Hamiltonians and corresponding SSB patterns are
the same. Half-translation (G.24) corresponds to stacking each ground state with
the Kitaev state, which results in an exchange of labels trivial and Kitaev.

Sec. G.1 by the choice of Gauss operator. Namely, we can define
AF . axoax Ao £ P~ 2 5
G’i = Ui Ti C’L 17],i+1/2 §i+1/27 |:G’L ] = ]]_, (G23)

which, as opposed to the Gauss operator (G.2) acts on only a single link. The two ways
of gauging are related by a half-translation on Majorana operators

(é”l/Q’ ﬁi+1/2) = (ﬁi+3/2a £i+1/2> (G.24)

which can also be interpreted as “stacking” the resulting fermionic theory with Kitaev
chain [74,132,133]. Alternatively, this half-translation corresponds to first gauging Z,
subgroup using bosonic gauge fields, as we have done in Sec. 3, and then gauging the Z,

subgroup of resulting Rep(S;) symmetry.
Under this second way of implementing JW duality, the Rep(S;) symmetric bond
algebra is

I Az oazsf ~ A NS o ~x T T A_iéi+1 Niye 5t A+iéi+1 Niga 7
Bp -—<7'¢ s T 11 Migey T Cii&i41 Nigry 71 (Xi + XZ-> ) (Zi Zi+2Z; Zit1 ),

-~

()?l — )?J) ) T7 iéi-i—l ﬁi+2 (Zfiﬁiﬂ Niya 23+1 — Z\:_ifiJrl Tiyo Zi-l-l) ‘ i€ A>. (G.25)

3

Since half-translation operator anticommutes with the fermion parity, we find the symme-
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tries of this bond algebra to be generated by

Y
. L L
w, = [Ti& % =[] 5
’ H o H ' (G.264)
1 < b T i € {in €
= - S i S— i
Wy =35 (1 -1 77) [H D 5’“] '
i=1 i=1
which satisfy the fusion rules
W W, WW—W  WWa— W, W4  (G26h
The duality between bond algebras (2.6) and (G.25) holds in the subalgebras
Bg |  =Bpl . G.27
sl =Bl (G.27)
Under the half-translation (G.24), the Hamiltonian (G.11) becomes
L £ g g L
7’ 78t ir2 7 7811 it 7 % %
Hepep(s,) =~ 1 Z <Z¢ MRV AR Zi+1> —Jy Z (Xi + Xj)
i=1 i=1
L L R
Iy 3 (7 4 i €iea) = Ia Y (3 G G + 7))
- =t (G.28)
e Az o R ~ A_iéi ﬁz > A+iéi f]z I
+ s Y AT i <Zi A ARt Zi+1)
i=1
L
~Je > (X - X]).
i=1

Begin unitarily equivalent to Hamiltonian (G.11), this Hamiltonian shares the same phase
diagram, which is shown in Fig. 17b when J; = J; = 0. The only difference between the
two Hamiltonians is that the labels trivial and Kitaev that denote the fermionic sector of
the ground states are exchanged. This is expected since half-translation (G.24) effectively
stacks a Kitaev chain on top of each ground state. Since this is a unitary transformation
the SSB patterns do not change. The two Hamiltonians are no longer unitarily equivalent
when open boundary conditions are imposed, since the unitary equivalence under half-
translation (G.24) relies on the translation invariance which is broken by open boundary
conditions. This inequivalence is reflected by the differing ground state degeneracies of
the two Hamiltonians with open boundary conditions.

H The gapless states for the self-dual S;-symmetric model

To obtain the potential gapless states for the self-dual S3-symmetric model, we ask, for
example, do we have gapless states described by m4 x m4 minimal model CFT? To answer
this question, we use the holographic modular bootstrap [29,44, 109], i.e., try to use the
conformal characters of m4 x m4 model CFT to construct the 25-component partition
functions that transform covariantly under the modular transformation generated by the
S, T-matrices of the JK; X JK4 SymTO. We obtain the following solution
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JKJRIKy _ _maxma maxma
Zia =X1010 T X315 1

JK4|EJ7K4 . m4><ﬂ
Zl;é - X2 l.o_ 1
7167 16
JK4|XJ7K4 _ m4><m
Zia =Xy 1.9 1
716777 16
JKJRIKs _  mdxma mdxmd
Zee = X010 tXgigo1
ZJK4&J74 _ .m4xmid
m;m T Ag Lo _ 1
716777 16
JK4RIKy _ _ maxma mdxmd
mimi = Xygg -1 T X510
JKJRIKs _  mdxma mdxmd
mum = Xjga 1T X310
ZJK4®J74 _ . midxmd
mi;my T A9 Lo _ L
716777 16
K/RJK maxmd maxmd maxmd
Zyg I = x +X -
; 1,0;1 1.5 1 1. 1
@4 01,0 2,162 16 3,933
others = 0. (H.1)

From Zi]_[f“&]K“, we see that there is one symmetric relevant perturbation of scaling

dimension (h,h) = (%, %) From the position of X’lﬂ’féi%“, we see that the above gapless
state is induced by condensation A1 =1 ® e ® ¢q.

In the following, we list the gapless phases (i.e., the gapless states with no symmetric
relevant operators) of self-dual S5 symmetric model that we find using the above method.
The self-dual Rep(S3) symmetric model have the same gapless phases. The SymTO JK X
JK, may be spontaneously broken in those gapless phases. We also list the correspond

condensation A that reduces the SymTO JK4 X JK, to a smaller one M JA-

JK4RIKy _ _ mb6xmb m6xmb
Zi4 = X1,0:1,0 T Xq0.7.10_7
9 9 bl 9 10757107 5
JK4|Z|J74 _ m6><m76 m6><m76
21 = X1,05,-3  Xq0, 1562
ZJK4®J74 _ mesx% m6xmb
1:97 = . 1 2. 21
im 5,32,— % 6,2;9,— 2%
JK4RIKs _ . m6xmb m6xmb
Zigm T Xgga1 T Xg2g 0
2
JK4RJIK. m6xmb6 m6xmb
Zig =X +X
1; 32 7.9 L
i 1,0;3,~ 2 10,1;8,—
JK RJKy _ _mbxmb m6xmb
Z¢a = X531,0 T Xg2.40_1
757 b 5
JKAXRIKs . m6xmb m6xm6
Zee = X535,-3 T Xg 2,62
ZJK4®W4 _ chanTG m6xmb
M - . 1 7. 21
&m 170727_§ 1073}91_E
KiXJK. m6xmb6 m6xm6
ZJ-"I t=x 13 T Xy, 7 1
émi 170747_§ 1073777_E
JKAJXRJIK. m6xmb m6xmb
Zoat 4= X 2+ X2 1
&q 5735377§ 6757877ﬁ
JK4RIK,y _ . m6xmb m6xmb
D1 =Xy 15 3T Xg 21 2
JI{4|XJ74 _ . mbBxmb m6xm6
L = Xg1a0 TXg21g 7

'8 140
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In the following, we list the gapless critical states with only one symmetric relevant
operators of self-dual Ss symmetric model or the self-dual Rep(S3) symmetric model.
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Zhm =
2T
Z(}];{(4IZJK4 —
ZJEETR
Z(}];g4®JK4
75
Zig ™ = SIEE GT
A=1@eed qq. (H.7)

JKAXJKs . m6xmb m6xmb m6xmb m6xmb
Zia = X100 TX535-31 Xg26 2T Xjg199_1
'55‘, b 5 757 b 5
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JKAXJTK 4
Zl;é

JK4RJTK 4
Zl;m
Z.HngTQ

1;m1
A é]; {( AXTKy
7 é]; é( ARTKy
2T

JK RJITKy
Ze;m1

JK4RIKy _
z7k

JKRJTK
Zm;l

JK4RJIK 4
Zm;é

JK4RJTK 4
Zm'fn

ZJK4®J74 _

m;mi

JKJRJTK 4
Zm.q

JKRJIK 4
Zm1;1

JK4RIK 4
Zm1;é

ZJK4XIJ74 o

mi;m

JKRJIK 4 _

m1;mi

JKJRIK,

m1;q

JKAXJTK 4
Zq;l

JKJRJITK 4
ZQ§é
JKRJIK 4
VA4 G
7K NJTK 4

q;ma
JKRJTK
Zq;t?

JKRIKy
Zl;l

I KKK _

1;e

ZJ[S4|Z|J7K4 —

1;m

m6xmb m6xmb m6xmb m6xmb
= X1,05,-3 T X530 + Xg 2,001 T Xjg1,6_2
757 9 5 757 bl 5
=0
=0
_ . mBxmb m6xm6 m6xm6 m6xmb
= X2 T X2 T Xg 2 T X T L
m6xm6 m6xmb m6xmb m6xmb
= X1,05,-3 T X53:1,0 T Xg 2907 T Xj0.7.6_2
b 1"~ " b 757 9 5 757 9 5
m6xmb m6xmb m6xmb m6xmb
=X1,01,0 TX535,-3 T Xg 262 T Xig ;10,1
757 9 5 757 3 5
=0
=0
mb6xmb m6xm6 m6xm6 m6xmb
=X{q9_2 a2 2. T ¢P 1
170y37_§ 573y37_§ 67g787_ﬁ 1073y87_ﬁ
m6xmb m6xmb m6xmb m6xmb
=Xo1.6 1 TX 13, 13 TX, 1. 1 Xg 214 21
27§727_§ 47?747_§ 77%777_E 97%797_E
m6xmb m6xmb m6xmb m6xmb
=Xo1, 138 T X,180 1T X, 1.4 211 X,2t. 1
2’§7477§ 47?7277§ 77@7977E 97@7777E
=0
=0
=0
m6xmb m6xmb m6xmb m6xmb
=Xo1, 13 TtX, 180 1 TXs 1. 211X, 21, 1
2’§7477§ 47?7277§ 77@7977E 97@7777E
m6xm6 m6xmb m6xmb m6xmb
Xo16 1T 13, 13 T X, 1. 1 T Xg 214 21
2,5:2,—3% 4,54, —% 7,367~ 10 9,%5:9—
=0
. mbBxmb m6xm6 m6xm6 m6xm6
= X320 TNy 255 T Xg L2 T Xg Lo 1
m6xmb6 m6xmb m6xmb m6xmb
= X5 2. + X, 2. X 1. 2T X, 1. 7
3’§7170 375’57_3 87ﬁ’6’_3 S’Eal()’_g
=0
_ 2Xmg><mﬁ2 + 2Xm61><m6 )
373737_5 87ﬁvsz_ﬁ
=1dee (H.8)
m6xmb m6xm6 m6xm6 m6xmb m6xmb
X1,0,1,0 T X1,05-3 T X531,0 T X535,-3 T Xg2.4_2
536,—%
m6xm6 m6xmb m6xmb
+ X6,2;10,— 1 * X10,156,- 2 * X10,Z510,-1
m6xmb m6xm6 m6xmb m6xmb m6xmb
X1,0:1,0 T X1,05,-3 T X531,0 T X535-37T Xe,2,6,2
m6xmb m6xmb m6xmb
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JKARJTK, 0
1;m1 -

KiXJK. m6xmb m6xm6 m6xm6 m6xmb
ZJ--4 t=2x > T 2X 2 1+ 2X 2 Lt 2x7 7 1
L;q 1,0;3,—2 5,3;3,— 2 6,2;8,— 1= 10,£:8,— 15
JKRIKs - m6xmb m6xm6 m6xmb6 m6xmb m6xm6
) = X1,0,1,0 T X1,05,—3 T X531,0 T X535-37T X6 2,6, 2
m6xmb6 m6xmb m6xmb
T Xﬁ,%;lo, Tt Xlo,g;a,—g T Xlo,g;m,—g
JKJRIK 4 . mbxmb m6xm6 m6xmb6 m6xmb m6xm6
Zie = X1,01,0 T X1,05-3 T X531,0 T X535-371 Xﬁ,%;&—%
6xmb m6xmb m6xmb
+ X5 7T Xy 7 2 T Xy 7 7
6,£;10,—¢ 10,5:6,— % 10,%;10,—¢
Zgg4lZ’JK4 —0
JKARJK,y _
Ze;m1 =0
KiXJK. m6xm6 m6xm6 m6xm6 m6xmb
z7kKa t=2x > + 2X 2 1+ 2X 2 Lt 2x7 7 1
&4 1,0;3,—3 5,3;3,— 3 6,%:8,— 15 10,5:8,— 15
ZIKETRs _
Z;?{LI;%;IZIJKAL —0
ZJKBTRs _ g
JKRIK, 0
m;mi -
JKRIK,
Zm;ti -
JKARIKy
Zm1;1 -
JKRIK, _
mi;e -
JK4_|X|J7K4 .
mi;m -
JKRIK, 0
mi;miy -
JKARIKy
Zml;q -

JKRIKy m6xm6 m6xm6 m6xm6 m6xmb
Zg1 - 2X3,§;1,0 - 2X3,§;5,—3 - 2X8,%;6,—% + 2X8,%;10,—g
KyXJK. m6xmb m6xm6 m6xm6 m6xmb
Z7Ks *=2x2" +2x5 2 +2x, 1 2 +2X, 1 7
£ 3,3;1,0 3,5;9,—3 8,15:6,—3 8,15:10,—3

Zif,-?WM —0
JKARIKy
Z‘]WTM -
JK4RJK. m6xmb m6xmb
Zyat ‘= 4X 2 , +4 1 1
9 37573’7§ 871757877175
A=1®ededee
JKJRIK 4 _.m7xmT7 m7xm7 m7xm7
Zl;l _Xl,O;l,O +X3 5.3_5 +X5 2.5 22
777 bl 7 b 7 bt 7
JK,RJIK. mixm7 m7xm7 m7xm7
Zie" f=Xoa 22 T X 12, 5t X6.5:1,0
’ 27775’ 7 47 7 73’ 7 [
JK4RJK. m7xm7 m7xm7 m7xm7
Ziat f =X 1+ X5, 33 12 T X5, 23
Lm 8,56:2— % 10,82;4,— 42 12,%:6,-5
JKARJIKy _ o mTxm7 m7xm7 m7xm7
7 =X, 3. +Xg 5., 12 TX{q 8.5 1
1y 77@767_5 97%74y_7 11y%y27_7
JK4RITKs _ _m7xm7 mixm7 m7xm7
Zl;é - X13,§;1,0 + X14,£;5,J—72 + XlS,%;Sﬁ%
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JKJRIKs . mTxmT m7xm7 m7xm7
Zea =X1,06,-5 T Xg 5.4 _12 T X522.9 1
’77 b 7 9 7 9 b 7
JKJRIKy _ _mTxm7 m7xm7 m7xm7
Zie =Xg1g9_ 1T X 12, 12 T X656,-5
777 b 7 bl 7 5y 7
KiRJK m7xm7 m7xm7 m7xm7
Z7Ks t=x0 22 T X5, 33 5 + X, 23
&m 87%757_7 107%y37_% 127?7170
JKXJK m7xm7 m7xm7 mixm7
Zo=t =T + X, 5 5 T X 85.- 22
&mi1 77571’0 97%73977 117%55777
JK4XJIK m7xm7 m7xm7 m7xm7
Zyzt t =X + X, 10 1+ 1 12
€q 13,4:6,-5 14,109 1 15,5434, 12
KyXJK m7xm7 m7xm7 m7xm7
ZJ 4 4 % +x Ty
;1 l.g 1 12 .49 _33 .19 23
m; 2,7:8,— %5 4,72;10,— 55 6,5;12,— %
JKXJK m7xm7 m7xm7 m7xm7
Z .—4 4:X 23+X 5 33+X 22 1
m;e 17071277§ 37731077% 5777877%
JK4JRIK m7xm7 m7xm7 m7xm7
L t =X 3+ X, 5 5 T X5 85 85
mym 77577’_§ 9)%197_% 117%711’_%
K,XJK m7xm7 m7xm7 mixm7
ZJ~*4 f =X 85 T Xy 33 5 + 23 3
mmi 8,55:11,— =5 10,5539, — =5 12,%57,—3
KyXJK m7xm7 m7xm7 m7xm7
Z7Es t =X 23 10 1+ 1 33
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JKNRIKy . mTxmT m7xm7 m7xm7
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mi; 2,111, 8 4,82:9 5 6,5:7,~3
JK4XRJIK 4 m7xm7 m7xm7 m7xm7
e =X;0- 8T X35, 5 T X- 22, 85
mi;e 170777_§ 377797—% 5777117—%
KyXJK m7xm7 m7xm7 m7xm7
zKs t =X 23 T X 5 33 T Xqq 85 1
mi;m 7757127_§ 9’5‘)76710’_% 117%y87_%
JKXJK m7xm7 m7xm7 m7xm7
Y /fsdes ‘= 1 1 T X5 83 33 T X, 23 23
mi;mi 8, 238, — 10,3310, 33 12,23;12,- 28
JKAXJIK 4 m7xm7 m7xm7 m7xm7
:q =Xiq4.- 31T X, 10. 85 T Xir 1. 5
miiq 13,4;7,-3 T X1g 10,9y 85 T Ay5 g 5
K,XJK m7xm7 m7xm7 m7xm7
ZJ 4 4 % +x Ty
;1 13 _4 5.15 L 22.94 _ 10
@ 1,0513,— 4 3,2;15,— & 5,22;14,— 10
JKXJK m7xm7 m7xm7 mixm7
VA ‘= X5 1 10 T X, 12 1 X 4
a:€ 2,%:14,— 57 4,%515,— 57 6,5;13,—3
JK4XJK. m7xm7 m7xm7 m7xm7
Zymt ‘= 1 10t Xqq 33 1+ 23 4
am 8,414, 10 10,2815, L 12,22,13 -4
KyXJK m7xm7 m7xm7 m7xm7
s t =X 1+ +X, 5 1 T X5, 85 10
g;mi 7,5:13,—3 9,55:15,— 57 11,2314, — 53
JKXJK m7xm7 m7xm7 mi7xm7
VA t =X 4+ X5, 10 10 T Xq: 1 1
a4 13,4;13,-4 14,10:14, 10 15,4515, L
A=1.
JKWRIKs _ _mTxm7 | . mixm7 m7xm7
Zia TXR010 T Xgag s T X5 2
b b bl 7 b 1"~
JKJRIKs . mTxmT m7xm7 m7xm7
Zl;é =Xy 1.5 _22 4123 5 * X6,5:1,0
777 bl 7 b 7 1~y 7
JK4XRIK m7xm7 m7xm7 m7xm7
Zim =X + X +
1, 1.z _ 22 33.9 _5 23.
sm 8, ds:5,— 2 10,333, 3 12,28:1,0
JK4RIK 4 m7xm7 m7xm7 m7xm7
1:07 =X 3. +Xg 5.0 51T Xqq 850 22
m1 77@7170 97%737 7 117%?‘5’7 a
JKXRJIJK m7xm7 m7xm7 mT7xm7
Zig* t =X + X, 1o 2 T X: 1 5
1;q 13,3:1,0 14,57;5,— 22 15,5733, 2
JKJRIKy _ _mTxm7 m7xm7 m7xm7
Zeq =X1,06,-5 T X354 _12 T X522 1
177 b 7 9 7 9 b 7
JKJRIKy _ _m7Txm7 m7xm7 m7xm7
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&m 87%72777 10’%54777 127?76775
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&q 13,4:6,—5 14,102 1 15, 1 14,— 12
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JK4JXRIK m7xm7 m7xm7 m7xm7
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m;e 27?781_% 4777107_% 6)5’127_
KyXJK m7xm7 m7xm7 m7xm7
zZ75s =0 1 T X5 83 33 T Xq, 23 23
m;m 8,18, 2 10,3:10,- 33 12,23:12,- 28
JK4XJIKy m7xm7 m7xm7 mixm7
7 = X~ 3. 23 X 5. 33 T X, 85. 1
mimi 77571277§ 9’%71077% 117%3877%
JK4XJK m7xm7 m7xm7 m7xm7
Zri L= 23 T X, 10 Tl S 33
miq 13,412, 28 14,10:8 L 15,5410, 33
K,XJK m7xm7 m7xm7 m7xm7
z! ik t=x 3+ X,5 5 T Xr 22 85
ma;l L07,—5  3.39-55 5,115
JK4XJIKy m7xm7 m7xm7 m7xm7
& = 1. 85 T X, 12. 5 T Xprm 3
mi;e 27771177% 4777977% 675y777§
JKNRIKy . mTxmT + Xm7><m + m7xm7
7 = 1. 85 33. 5 23, 3
mi;m 87%71177% 107%7977% 127?7777§
JKXRJIK 4 m7xm7 m7xm7 m7xm7
e =X,3.- 3TXg 5. 5 T Xq 85. 85
mimi 7,57,—% 9,56:% 3¢ 11,56511,— 55
KyXJK m7xm7 m7xm7 m7xm7
zZJKs t =0k 3 T X;, 10 85 T Xqr 1 5
miiq 13,3:7,—3 14,57;11,— 22 15,5739~ 55
JKXJK m7xm7 m7xm7 mixm7
Z5t t=x st X5 1t X: 22 10
g1 1,0;13,—3 3,2;15,— 57 5,%%;14,— 51
JK4XJK. m7xm7 m7xm7 m7xm7
Zyet =X 10 T X, 12 1 T X 4
;e 2,1;14,- 10 4,12,15 L 6,5;13,— 4
K,XJK m7xm7 m7xm7 m7xm7
Z7Ks t=x0 10 T Xqq 83 1 T X4, 23 4
@m 8,514,— 10 10,33;15,— L 12,2813, 4
JKXJK m7xm7 m7xm7 mi7xm7
Y iy =X st X, 5 1 T X 85 10
g;ma 7,3;13,—4 9,315, & 11,8514, 10
JK4XJK. m7xm7 m7xm7 m7xm7
Zyt ‘= 4 4+ X5, 10 10 T X551 1
aq 13,4;13,—4 14,10:14, 10 15,1515~ L
A=1.
m7xm7 m7xm7 - mTxm7 m7xm7 m7xm7 m7xm7
=X1,01,0 T Xg1p_ 220t Xgs54 5t X 124 5 T X520 20T X651,0
sy 2,7,57 = 3,7,57 7 4, 7 33, 7 5, — 39, = yJyds
m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
=X1,01,0 tXg15_ 220 TXg5.5_5 X124 5t X225 20T X651,0
777 9 7 ’77 b 7 9 7 9 b 7 b 7 bt 7
=0
=0
_ m7xmT7 m7xm7 m7xm7
= 2Xyg,a00 72Xy 005 2 T 250 s
m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
= X1,06,-5 T Xg 1o 1 T Xg5,4 12T X 12, 12 T X5 229171 X656,-5
777 bl 7 777 b 7 9 7 9 b 7 bl 7 9 b 7
m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
= X1,06,-5 T Xg 1.9 1 T X35.4_12 t X2, 12t X5 22.9 1 + X6,5:6,—5
777 bl 7 777 b 7 bl 7 9 b 7 bl 7 9 9 7
=0
=0
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ZJ{(4®J7K4 =2y m7xm7 + 2y m7xm7 + 2y m7xm7
o =

4 10 1 12
X13,4:6, st Xig L0 1 T EXq5 1oy 12
JK4®JK4 _.omTxXmT7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
Zn 1,0;12,— 23 X Xo 18— L X X3,5:10,— 2 Xy, 2:10,-23 X X5,228 + X6 5512, 28
JK4RJKy . mTxm7 m7><m7 m7xm7 m7xm7 m7xm7 m7xm7
Zinie = X012, 22 + Xo 18— L + X3,5,10,— 22 + Xg12,10,-33 + Xg22,8 L + X6,5:12,— 23

JKJRTK, _
Zem =0

JK4RIK 4 _
Zniny =0

JKAXRJK,4 m7xm7 m7xm7 m7xm7
Zinig o 2X13,§,12 2+ 2X14,;(1J 8,— 2= + 2X15,211,10

JKURIKs _ _ mTxm7 m7xm7 m7><m7 m7xm7 m7xm7 m7xm7
th =X 0:7,— + Xz,%,n -8 + X3,§,9 -5 + 4,295 + X5,272,11 -5 + 6,5;7,— 3

JK4XIJK4 _.mTxmT7 m7><m7 m7><m7 m7xm7 m7xm7 m7xm7
th 1,0,7,—32 + 2,1;11,—-382 + 3,2:9,— 2 + X4,172 19, — = + X5,272,11 -8 + X6,5;7,f%

JK4RIK,y _ 0

mi;m -

JK4RIK, _ 0

mi;mi -

JKARIK,4 m7xm7 m7xm7 mi7xm7

mi;q =2 13,3;7,—2 +2 14,3911, 82 +2 15,5239, — =

JKARITK4 . m7xm7 m7xm7 m7xm7 m7><m m7xm7 m7xmT
Zga =X 0;13,— % + X2,§,14 9 + X3,$,15 -% + X4, a5+ + X5,272,14 0 + X6,5;13,7%

JKAXRJIKs . m7xm7 mixm7 m7xm7 m7xm7 m7xm7 m7xm7
Zie = X032 T Xg 1 10 T Xg 55 L T X251 T X5, 10 F XG55 4
7KK _ g

JKRITK,y
Zq e, =0

JKARJIK,4 m7xm7 m7xm7 m7xm7
Z iq - 2X13,‘31,13 _at 2Xl4, 10:14,-10 + 2Xl5,211,15 -4

A=1de. (H.12)

ZJK4IZIJK4 Xm7><m7+xm7><m7_|_ m7><m7 L+ m7xm7 +x m7xm7 + m7><rr17
1,0;1,0 12

1.0:6.— _ 5 22 _ 1 22 _ 22
036,=5 23,2 7 3,554, X525, 5,25,
JK4RIK m7xm7 m7><m7 m7xm7 m7xm7 m7xm7 m7xm7
Z1;54 = =Xy 1 91 + 9 1.5 _22 + Xy 12 3,3 + Xy 12 4,-12 + Xg ,5:1,0 + X6,5;6,—5
777 7 77) b b 7 ) b 7 b
JK,RIKy _  m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
Ziim T Xg L1 + 8,55:5,— 2 X X103, + 10,33;4,— 42 X Xi2,23:1.0 + 12,23:6,—5
JK4RJK 4 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
197 =X-3 + X, 3 + X, 5 _7+X 5 12+X 85 _;‘{’X 85.= 22
i 7,2:1,0 7,2:6,—5 9,53, 9,5:4,~ 11,852, 11,855,
KiRJIK. m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
ZJ_4 4
1q ~Xi3400 + Xi3,4:6,—5 * Xig1009 1 Xy, 19522 * X5, 13,3 + X15,211 4,—
JK4IZIJK4 _.mT7xmT m7xm7 m7xm7 m7xm7 mi7xm7 mixm7
Ze; = X1010 T X1,06,-5 T X3,2.3,-5 + 3,24, 12 * X529, 1 T X5,272,5 _22
JK4|XW4 _omTxmT7 m7><m m7xm7 m7xm7 m7xm7 m7xm7
Ze'é 1o 171 1 X, 12 5 + X, 12 12 + X651.0 T X656.—5
’ 2,7,2 7 2,7,5 4,7,3 4,7,4 g it Al g]
KiXJK. m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
ZJ 5 f=x0 1T Xg 1 22+X 33 5 T X5, 33 12+X 23 + X5, 23
em 8,22~ 1 8, 215,— 22 10,33:3,-3 10,334, 12,23:1,0 12,23.6,-5
ZJK4IZIJK4 _ Xm?xm? + Xm7><m7 + Xm7><m7 + Xm?xm? + Xm?xm? + Xm7><m7
3 3 5 5 2 85 85
emy 7,2:1,0 7,2:6,—5 9,2:3,—32 9,234, 11,882 1 11,85 -2
JK4RJK. m7xm7 m7xm7 m7xm7 m7xm7 m7xm7 m7xm7
7K 4
€ ~ X340 + 13,3:6,—5 + 14,3%;2,-1 + 14,395, 22 X Xi5,1:3,-2 + 15,5734,— 42
ZJK4|ZJK4 —0
KyRJK
ZJ;é4 JK4 =0
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JK4RITK,y _
ZaRTEs g
JKARJTK,y _
Zm;m1 =0
JKARJK,y _
ZJaRIRs —
JKJRJIK,y _
Zm1;1 =0
JK4RITK,y _
i =0
JKARJTK,y _
ZJKBIRs _
JKARJTK,y _
Zm1§m1 =0
JKJRJIKy _
Zm1§q =0
KyRJK m7xm7 m7xm7 m7xm7
ZJ~4 =2y 4 T 2X5 5 1 H2x; 2 10
g1 1,0,13,— 3 3,2;15,— 3¢ 5,22:14,— 10
JK,RJK. mixm7 mixm7 m7xm7
Y t=2x" 10 +2X, 12 1+ 2x 4
e 2,1;14,- 10 4,12:5 - L 6,5;13,~ 4
JK4RJK. m7xm7 m7xm7 m7xm7
Zymt 4:2X 1 10 T 2X, 1 33 L T2 5 4
am 8, m;14,— 10 10,3315, L 12,2134
KiRJIK. mixm7 mixm7 m7xm7
Z] B t=2x" 12X, 5 12X s 10
am 7,3;13,—4 9,315, 11,8514, 10
JK4RJK. mixm7 m7xm7 m7xm7
Zyat t=2x"] 42X 10 w0 T 2X 1
%4 13,4134 14,49;14,- 10 15,2515, 54
A=1de. (H.13)
KiRJK m4xm6xmdxmb m4xm6xmdxmb m4xm6xmixmb m4xm6xmdxmb
ZJ-4 * = X10:1.0:1.0- + X 7 7T X, 1 1 +X, 12 1 7
11 1,0:1,0;1,0;1,0 1,0;10,%;1,0;10,— £ 2,7535,3;2,—1551,0 2,7536,2;2,—75;10,— L
4Xxm6xmadxmb m4xm6xméxmb
+ XA"L1 a0 1 + 1 7 1 7
3«,§§1-,01,3-,—§'-,170 37§§1015§37—§§107—5
JKyXIKy . mdxmbxmdxmb m4xmbxmaxmb m4xmb6xmaxmb6 m4xmbxmdxmb
Zie = X1,01,01,0:5,-3 T X1,0.10,7:1,06, 2 21532 di5-3 1T Xg Lg2o 1 2
’ I TIETEE AU 5540, 7 F 176129214 16190 316109594 1622 F
4xm6xmdxmb maxm6xmdxmb
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A=1. (H.17)

Self-dual S3 symmetric model also has the gapless states described by m5b x mb CFT.
But those gapless states have two or more symmetric relevant operators.
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